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ABSTRACT

POLARIZATION OF THE LIGHT FROM
THE 31p-21S TRANSITION IN PROTON BEAM-

EXCITED HELIUM

by
MARTIN S. WEINHOUS

Measurements of the polarization of fhe light from

the 3iP~21S (» ‘5016 3) transition in proton beam excited
Helium have shown both a proton beam energy and Helium
target gas pressure dependence. Results for the linear
.polérization fractipn (at right angles to the proton beam
and at .2 mtorr He target pressure) range from +2.6% at
100 kev préton energy to -5.5% at 450 keV. The zero Cross-—
over occurs at approximately 225 keV. This is in good
‘agreement with other experimental work in the field, but
" in pdor-agreémént with theoretical predictions. The

other experimental workers have used .2 mtorr as their
lowest He target gas pressure, while in this work measure-
'ments'have been made at He target gas pressures as low -
as .01 mtorr. Thé results have shown that the linear
polarization fraction is still pressure dependent at .01

‘mtorr,.

Xii



. We also have found a pressure dependence of photogs
per proton per He target atom. We then”concludg_that
experimental detgriminations of the linear polarization
fraction have not yet been made under conditions which

allaw for strict comparison with theoretical predictions.

Xxiii



SECTION I

INTRODUCTION

1.1 Purpose of the Investigation

In the early 1900's it was known that spectral
lines coﬁld exhibit polarization when magnetic fields
were applied to the ligﬁt source (the 1 and 0 components
in a Zeeﬁan effect spegtrum). Howevef in about 1920
the yellow mercury iines, 5770 & and 5791 & created in a
gas discharge tube, were found to be weakly polarized
even in the absence of a magnetic field. The light was
polarized such that the maximum electric vector was par-
allel ﬁo the path of current in the discharge tube. This
fact led the investigators of the veriod, notably Skinner
(1926) to test the hypothesis that the polarization was
caused by the electron "beam" within the discharge tube,
The hypothesis proved to be correct and so beéaﬁ the
study szcollisiOnally—pfoduced polarized atomic line
;adiatidn. Many such studies have been completed since
that time. Egggixél (1958) has published an extensive
article on electron excitation of polarized atomic line
- radiation. Included in this article are Born approxima-
tioh calculatiohs for excitaﬁion of the various magnetic

substates of the target atom. More recently,

1



investigators have become interested in the polariza-
tion due to proton impéct. 7§g;; (1961) has calculated
théoreﬁical excitation cross-sections for proton-
excited helium. He has used both the Born and Distorted
Wave Approximationé for his calculétions; The results
of these calculations can easily be converted into an

* expected polarization cof the light emitted after the

- collision. Two independent research groups have done

just that. A Dutch group, Van Eck (1964) and Van Den Bos

- {1968) ﬁere abie to compare these theoretical polarization
values with experiménts in the 5 to 35 keV and 1 to 150
‘keV'protOn eﬁergy ranges respectively. A second group.
working at the University of Giessen, Germany, ﬁas also
- done an experimental check of Béil's work. Scharmann
(1967), (1869) has also investigated the polarization of
'light emitted by He after proton impac£ inlthe energy
'rAHQe 100 to 1000 keV. Unfortunately, there is little
errlap and only mediocre agreement'betweén these two
groups; |

"It ié the purpose of this thesis.then to meke a
.detailed sﬁudy éf the polarization of the light emitted
by He which has been excited by protbn impact; to provide
a confirmation of the work of either the Dutéﬁ or German
research groupé; and to extend the work iﬁ the'direction
of lower He target gas pressures in the hope of finding
the "free atomf'value for the ﬁqlari#ation. ‘Only‘then

can one make a valid_cbmparison with the theoretical



models which are available.

l.2 Polarization Measurements

The poiarizatioh of liﬁearly polarized iight is
usually deééribed by a'quantity called the linear polari—
zation fraction, denoted by ﬁhe symbhol 7. Two quantities
are reéuirea to calculate m, the light intensities with
the electric field vectors parallel-to and perpendicular
to a “preférred“ direction. The observation is made
along a line which meets the "preferred" direction line.

at right angles. See Figure 1. Then

: Iy - I .
"n' o drreemcrree——— 1-2.1

obvioﬁsiy m can-:ange from -1 to +1,

| ‘To measure the'polarization one must separate
and measure the intensities of I, and I,, This can be
done by a number of methods. 1In this work a glass |
iaminated poléroid-type HN 32 sheet polarizer was placed
on the obseryer's line of sight such that the light of 
interest passed normally through the polarizer and such
tha£ the polarizer could ﬁe rotated‘(about the 1ine'of7
sight) by 90°. If one noﬁ replaces the observer by an
instrﬁmeht capéble of.measuring intensities and then uses
the polarizgr to pass first E, 1light and then E; light
for measurementS'of.f” and I, respectively, one can then

- calculate n}
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In this_experimeﬁt the “preferred" direction is
the proton beam directiont‘the light originates from a
He gas filled target.chamber, an interference filter
selects the 5016 & 11ne (of He), and a photomultlpller
measures the light 1nten31ty “See Figure 2.

A detailed discussion of polarized light and its

measurement is found in Appendix A

1.3 Astrophysical Interest

Astronomy'Has its very roots in the ebservation
"of the heavens via vlsible&light. As the science matured
more and more information was extracted from that light,
Just.as the intensity, wavelength, and phase of the
light.convey.information to the observer, so does the
polarization. In fact the magnetic field of some stars
has been determlned from measurements of the polarizatlpn
of the Zeeman components of spectral lines. A similar,
'lanaly51s of light from the sunspots on our own sun lead to
a determination of the lnten51t1es_and polarities of the
.magnetic flelds associated with those epets. .The radial
polarizatlen exhibited'in the light from reflection
‘nebula can bhe used to calculate the average partlcle
~size in the nebula.- The correlatlon between the inter-

‘stellar reddenihg of starllght and the amount of polarié

zation of that light can be used to galn 1nformat10n about' o

the magnetic field of our galaxy. The light from the
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"jet".of material emanating from the giant galaxy M87
'J(in Virée) is highly polarized andrthereforeris believed
to be generated by synchrotron radiation. The astro-
physicist thus needs to be informed as to what proceeses
create pelarized light and to what degree they create .
it. Only then can he successfully unfold his data.

This work investigates one non~magnetic process which
creates polarized 1ight,‘a process which is certainly

active in space, a proton collision with an atom.

1.4 Previous Experimental Work:

. Van Eck (1964) provides us with the first experi-

mental determination ef.the polarization of the light

resulting from proton impaet on ground—state Helium. ﬁe
used a Glann—Thompsen prism as the polarizatiou analyzer
- and a ﬁeiss mohochromator to isolate light from the .

-transition being investigated Since the intensity of
reflected llght from the grating in the monochromator de-
pends upon the polarlzatlon of the 1light, Van &Eck et al.
had to take great care to separate the'polarization of
the light duerte the atemic transition from that due to
the‘instrumehtal polarizatioﬁ. His measurements covered
a proton energy range of 5 to 35 keV {generated by a Von
Ardenne ion source) and a Hellum target gas pressure
range of .2 to 1 m torr. A sen51t1ve McLeod gauge was

used to determine the pressure of the Helium.



Vah beh Bos {1568) essentially repeated Van Eck's
‘work_Fyith_some_additions). He extendea the proton energy
 range up to 150 keV and added magnetio shieldihgrto the
collision chamber. The agreement between Van Den Bos and
- .Van Eck is very good (5 to 35 keV).
| Scharmann (1967, 1969) used a very different de-
_tecting apparatus to find the polarization of the light
-from Helium which had been_excited by proton impact., His
detector uéed_a sheet polafizer and interference filter
rafher than the Glan-Thompson prism and monochromator of
the Dutch groops. He was also able to cover a very wide -
proton energy range of 100 to IOQO keV. The Helium tar-
get gas pressure‘range in his study was .2 m tofr to 5 m

torr,

1.5 Previous Theoretical Work

Percival's (1958) article on the "Polarization of

Atomic Line Radiation Excited by Electron Impact" dis-

cusses both the Oppenhelmer Penney Theory and Born approx1-_.

mation methods for calculating the polarlzatlon. The
Oppenheimer-Penney (0-P) theory is used to calculate the
"oolarization of‘atomic line radiation when the cross-
sect - ons for egciting guantum states of the upper level
are khown. These upper level quantum states have a defi—
.nlte orbital angular momentum component M (the prefe;rea
dlrectlon being . that of the electron beam) Percival

pays particular attenticn to He and certain isotopes of



Hg fo£ which the nuclearképin is zero. In fact one can
_extrgct“from'his_tabie of_pola;ization fq;@plge for the
He multiplets (SL-»SL') the_expressibn

o 6 (@-@)

T (s1—s6)- xﬁ,.r;o +hQ,

where the paramétefs G, hy and h, are determined.by the
.vaiues of § and-Lf, then for our case (3!'p-2'3),
L' = 0; and from Percival's table G = 1, hD =1, hI = 1;
Q, and Q, are of course the cross-sections for exciting
the M, = 0, and ML.= *1 substates. Thislresuit is in—l
~dependent of the exciting particle.
| Pefcival goes'on to actually calculate via the

'Born approximation the Q m_ for the excitation of the

L

-3{D states of He. His results however were in poox
agreement with the experiméntal results available a£ the
time. Pércival questions the suitability of the approxi-
maté wave functions used rather than the validity of thé
Born approximation.' .

‘ Bell's (196l1) work uses both the Born and Distbr—
ted Wave Approximaticn'ﬁethods fo calculate the cross-

sectionsrfor the process
RV 1 Lt N
CH + He (1) S —= H+ He (15 3p)'P

 He used product wave functions for the ground state of -

the target sYSfem and excited state wave functions pro-

portional to [“P,(rr)%,(";x t Lﬁn(r.) k)U, (FJ‘J
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The éctual fbifms 70_-f ‘the w--n contain "adjustable"” 'param'—
eters which are chosen so as to obtain particularl05ci1~
:1étof strengths.;‘The,calculatioﬁs of the.Qbm's are
carried out by numerical methods on high speed computers.

‘Theoretical details are given in Appendix B.
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SECTION II
EXPERIMENTAL APPARATUS

2.1 Introductory Description of the
Experimental Apparatus-

In'brder to implement tﬂe'polarization measure-
mént discussed in section ;;2, appératus Was‘asseﬁbled
: which‘woula'provide a relatively stable prdton beam,
a Coﬁfihed régianof Helium target atoms, and a method
for measuriné the inﬁensity of the two linear pélariza—
tion'¢0mpqnents of‘thérk 5016 i line of Helium. This
apparatus was éssembled_in the phfsics department of
the University of'NEW~Hampshire. Tﬁé three main com-
ponents of the experimental apparatus were é Van De Graaff
positi?e ion aCceleratqr' and - aésodiated beam tube optics,a
differentially.pumped target chamber andZVaCuum'system;
'and_the,polafization‘détection system. The prbtbn-beém
.ié of'coursé‘prqduced_by the accelerator, the Helium
target atoms are isolated within the differentially
pumped target chamber,‘and‘the polarization detection
- system will isclate and measure the'intensity of tﬁe
Vlinear polarization components 6f,the_He line.” Each of
thesé systems is ‘described in detail in the foilowing

.paragraphs.
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2.2 The Van De Gréaff Accelerator

-Ourlaccelerafor-is a moael BN-400 manufactured
by High Voltage Engineering of Burlington, Massachusetts.
it is capable of prodﬁcing.positiﬁe_ibn beams within the
energy‘range of %1007to “450 keV. 1In our work we confiné
ourselyes to proton beams of 1l to @19 u A's.current.
Within the accelerator, thé prbtoné are generated in a
~radio-frequency source 'bottle. Hydrogen gas is continu-
ously 1eéked'into the source bottle through a palladium
leak (maintaiﬁing very high purity), where it is ionized
by é radio~frequency discharge. This;source bottle is
located at the high potential énd of the accelerator tﬁbe.
‘A éﬁall canal (beryllium)AconnectS-the source bottle and
accelerator £qbe. The protons then entér thé.accelerator
’tﬁbé at a rate_deéendent upon both the hydrogen gas
pressure in the source bottle, and the maén;tudé of the
positive probe voltage‘within tHE_bottle. 6n;e into the
‘acceleratpr‘tube, the profons are confronted with a
focusihg électric field.and then an accelerating elegtric
fiéla. 'Thesé"fields.are maintainéd by a focus.plane
_and a éeries'of equipotential plaﬁes; The voltages with-
in the Van de Graaff are due to the reloéati0n of charges
by the motor driven belt. So the potential differenée
seen by the pro£onsrdépends upon the amount of charge
carried by thé.bel;, and is adjustable. The proton beam

energy then dgpénds only on the potential difference
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through'whi¢h the pfoton‘accelerates.

| In;fa;t1.no£ only protons appear. in the. beam.

Any positive ioné créated in the source bottle will be
accelerated in the beam. - One will therefore.get at
least H+,_H2+, énd H3+. ‘Any impurities found inlthe
‘bottle may ionize and produce accelerated positive ions.
Rough measurements have shown our ﬁ+ yield to be app:oxi-
mately 10-40 per cént of total beam current. Since this
beam is later magnetically analyzed, its content is not

important so long as sufficient H' is present. Diagrams

of the accelerator are shown in fiqures 3 and 4.

2.3 The Accelerator System

A large ﬁumber of accessory systems arelfequired"
~by the Van dérGraaff. The accelerator tube and beam tubes
musﬁ be'maintained at low pressures, and the'ion‘beam_
.1Vﬁu$t.be steered and focused as well as energy Stabilized.
Qufrexpefiment'élso reQuires accessory systems to dif— 
ferentially pump the target chamber, and to accufatély
‘.meaSpre,thé pressure within the target chamber. The ac-
celerator is also used for another research project as
well as'for'teaching. Some of our equipment has there-
‘fore been-désigned around these other requirements.

| The vacuum system and beam tube arrangément‘is
_showﬁ in figq. 5. . Both the main pump and left port pump
No. 2 are NRC six inch diffusion pumps backed by Wélch

mechanical pumps. Typical operating pressures are; at



14

THE VAN DE ¢ C:\AA. ELECTROSTATIC Accal_._.-\Ach-e_

. l . l ! . 3 ' ‘r .
* High volicge E ect.ro"ucs‘ for ion spurce

Ctermingl N~

Charge extroction ~

cri = : =
screen. ,,\i_—_.____. |\_/| r--*i \(]
) |
& | |_|_ Accelerating
C——i—-—l | ’ . column
I A enEE
‘ 11 o V] I~

. Ben A p— = ' !

- gn[ | bl {L: Insulators
Column g_l N |
resistors -—.:»g [ : l H [ ' i |

?———- : . sttt
| | [
SN £ S—
plcmes A }
| - £ | 3 ! l
] - 1 IR
- o O =EAN ,
- Power supply-> ; .l. <—Beam tubz
N Cherge fead V|
‘on comb W\ .
o . el o len beam
Belt drwe‘motor S ‘ L

FIGURE 3
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THE ACCELERATOR SYSTEM
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“the main pump ~6-8x10" torr; and at the No. 2 pump

- A10x107% torr. Left port pumps No. 1, and No. 3 are two

'inCh.diffﬁsion pumps again backed by mechanical pumps.
The center port beam tube hasrné pumps of its own, how-
‘ever, it is short enough not to need one. The only time
- we usé the center port is during the initial tune up of :
the Van de Graaff.l The right port beam tubé (details not
shown in fig. 5) is used generally for teaéhing experi-
ments and not for reseérch, and will hence ke ignored.

A magﬁetic analyzer is used to select for a mono-
energetic proton beam- It is well known that when a
chérged particle moves with its velocity perpendicular
fo avconétant homogenous magnetic field, the paéticle
will follow a circular path while it remains within the
-mdgneticlfield; The Lorentz fprce on such a particle

 is

F-= i ¥~ 8 2.3
‘where in our case z = 1 and q = e. The force equation
is ﬁhen

mv? '
V. o 2.3.2

nle

VxR =
where for our gonrelativistic case
_ L
. (2 E\?
V= (m)

using 2.3.3 in 2.3.2 one arrives at
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__r-z_C_.[Q._g,,,')L*_.f i S . 2.3.4
eB
Tﬁis last equation shows that for a consfant magnetic
field B, and a constant beam'energ& E, the radius of
curvature for any ion depends upon the squaré root of
 the ionis mass. The magneticlanaiyzer tﬁen can bend the
. different ions in the beam into different pathé and thus
risolate them. In practicé, in our system, the accelerator
will be tuned to a specific energy and beam current in
the center port. The analyzing magnet will'then be turned
on with a cﬁrrent_known to be insufficient to bend pro-
tons (thermost easiiy bent positive ion) into the left
‘port. The magnétic current will then be gently increaﬁed
until our ﬁarious indicators shbwfa beém in the left
port‘tube; ”The current ‘supplied to the_analyzing magnet"
is regﬁlated by an Atomié Laboratories Iﬁc}.power'sﬁpply.
‘and regulator (Mbdel C). _The_rEgulator holds the current
(and hence magnetic field) constant to one part in 105.
An.Enefgy Stahilization Sysﬁem is uséd.to prevent .
changes'in the ion beam énergy. The energy_of the ion
beam, as it 'exits from the Van de Graaff accelerator,
: depends upon the dlfference in potential between the lon
;source bottle and ground. This potentlal dlfference in
turn is controlled by the quantlty of charge locatea at
‘the h;gh VQltage termlnal of the accelerator.,_ngh

Voltage Engineering's design of the PN-400 accélerator
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includes a corona probe extending'inward‘ffom ﬁhe pre-
sure tank wall towe;d therhigh voltage terminel. This_
corona probe is ti?ped'with an array of needle-like points,
' wﬁich increase the probe's. efficiency in draining charge
from the high veltage'terminal to the'pressure tank and;
therefore,_ground. It is then clear that ﬁhe beam energy
is a functlon of the rate of charge leakage through the
corona.probe. The ngh Voltage Engineering Inc. Corona
Stablllzer takes advantage of the above. The corona
probe is not connected dlrectly to tank ground, but
_rather to the plate of a type 4—125A vacuum tube. One
can then control the charge drain from the high voltage
‘terminal by controlling the conduction of the 4-125a,
the_corone stabilizer dees exactly‘that and hence controls
ﬁhe beam energy.

When a beeﬁ_has been magnetically analyzed, and
direc;ed down the left‘port, it encounters two probes
{an insﬁlated vertical slit) within the beam tube. If
j‘the beam energy drifts upward (due to drifts w1th1n the
| accelerator}, then the beam will be bent less by the
magnet and it w1ll 1mpact upon the center (or ngh energy)
_probe more heav11y than upon the outside (or low energy)
‘1probe,"This imbalance in probe currents is detected by
the High‘V61ta§e Engineering Corona Stabilizer Ampli-
fier, and this'ampiifier in turn sends a negative feed-
back s_igh‘al to the (grid and cathode) 4-125A. This

signal changes the tube's conductance, so.as to correct
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the béam.energy,.i.e., to have egual impact on the
_probes (this centers the correct energy beam in the tube)

Energy callbratxns of the Van de Graaff accelera—
tor are dene_with a Hiqh Voltage Engineering generating
voltameter. This inetrﬁment is used to measure and dis-
, éiayA(digitally) the potential of.the high voltage
terminal (and, therefore, the beam energy). The unit
consists of a chopper (or rotor) and stator plate (both
eight sectioned). The unit is loceted within the Van
'de Graaff pressure tenk_nee;-the‘high voltage terminal.
Ae £he chopper rotatee; it alternateiy exposes end shields'
. the stator from the hlgh voltage termlnal The voltage
' Lnduced on the stators is then a chopped D.C. or roughly
' trlangular A.C. whlch is proportlonal to the high vol-
tage terminal potential aﬁd,,therefore, prapertional to
the beam energy. The rectified output of the generating
| voltametef is now eonnecﬁed to a digital.voltameter for
a fast,'easy} and accﬁrate readout. We estimate an
instrumental accuracy of from 1 to 2 per cent. This,
“however, assumes a linear response, a “good"_Calibration,
end a,foeus.voltege setting which remains at its cali-
bration value. | | |

.In praetice, the lihearity has been verified,fo:
a two ébinﬁ calibration, and the‘focus voltages used
.do'not_vary more than ~5 kV. The'calibratioﬁ procedﬁre
fer the gene?atinglvoltameter involves the use of‘the

F‘?{p,dy)O?‘ nuclear resonance. The cross-section for
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this reaction shows two distinct resonances, one at a
(laboratpfy)'prpFon‘gnergy of 340 kev, and the second:at
a proton energy of 484 keV. To pérforﬁ tﬁé célibraﬁioﬂ
'expefimént, a small aluminum wéfer is.exposed to con-
centrated hydroflouric.aéid for 15 min. This ﬁrovides
us with a thin target for use at the end of:the beam tube.
2 2 inch Nal scintillation detector is used to destect. |
the 6 MeV v .rays emittedlfrom thé fluorine. The pulces
ffom the detector were Amplified and sent td a singlé
channel ahalyzer and then to a scalar. Thé scalar.is'
© -generally set to répeat 10 second data acquisition peribds
.énd n5 second display periods. One then impactS-a‘proﬁ
tonlbeam,on‘the'fluorine target, adjusting the énergy of
the beam to a value less £han that required for a reso-
nance.‘ Thé-ﬁbackgroﬁnd" on the scalar is thén noted.:
One then gradually increases the beam energy (by increas-
ing the magnetlc current, and belt charge) until a peak
is reached, again the number of y-ray counts is noted.
~ The fesonénce'occurS'at that péint in énergy where the
number of counts oh.the.scalar*is just the average of the
background and.ﬁeak valzes. The vénlde Graaff'é energy
is adjusted so that tn,-séalar is showing Jjust that
average value, and the digital voltameter is:SeF to the
.resonance-ﬁaiué;' We will generally use thé 340.5 KeV
__value‘for bur qéiibration and the higher energy resonance
for a 1inea:i£y check. Using thislcalibration procedure,

an overall énergy'readout accuracy of 8 KeV appears



‘appropriate.

An Electrostatic Focusin§ System was installed
as an improvement for the puleing system used by Dotchin
et. al. for mean life studies. It has, however, become
useful in this WOrkldue to its ability tc focus the beam
through the differentiai pumping siits (to be discussed
later). The system was designed and eonstructea by
D. L. Keator as a course project. In operation, one
simply monitors the beam current (byrmeans of a Farady
eup) and adjusts the voltages supplied to the electro-
~ static focusing eystem so as to maximize that current.
The differentially pumped target chamber, shown
- in figure 6, is used to provide thea relatively high
pressures of He (<2x10'3torr) requ;red for the experl-'
ment without filling the beam tube w1th gas and adversely
1nfluenc1ng.the operatlon of the accelerator. To main-
tain a‘pressure'diffexential.between the target chamber
end‘beam tube, one COhtinuallj leaks the target gas into
the chamber which is then pumped through narrow slits
'into'the beam'tubes. The siit eize_is a'compromiee be-
.tween maiimizing beem current, and minimizing the flow
of gas into the beam tube. In our case, the upstream
slits (nearer the accelerator) are also a part of the
pulsing'system used by Dotchin et. al. - There are three
'slits in that group; each a horizontal. opening ~l X A10 ﬁm
' eeperated by a distance of ~15 mm. The downstream slit

is adjustable and set such that it will not intercept any
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of the'beam‘(typicallv 10 mm 45 mm). During operatlon,

- the hlghest pressure used in the target chamber is

v1.5x10" *torr, a smmultaneous pressure measurement
70 em upstream from the trlple slit will typlcally indi-
cate a pressure of 6x10” Etorr, a ratio of 250:1. The
lowest pressure used in the target chamber is 107 torr
gat which.time the présSure in rhe beam tube is ~3x107°¢
torr.giving a ratio of m3:l. Again, differential pump—'
ing is required because the beam tube and accelerator
must be kept at pressures <10~ 5torr,'end because we want
to spatially localize the beam gas collisions.
The.target‘chamber is a brass cylinder with

S'em I.D. and 17.7 cm length. Two glass rectaugular
windows have,been attached on opposite sides of the
cylinder walls with‘epoxy cement. The chamber is
'eriented such that one may look horizontaily‘rhrough both
windows. -See egaiu figure 6. The window sizes.are
.both 13 cm x 2.3 cnm. -This target chamber is used both
for the mean life studles of Dotchln et. al. and for
- our polarlzatlon studies, each group usrng one window
of the chamber. There are two vacuum couplings on the
. top sf the chamber, one'connected threugh a series of
regulators and valves to the gas supply, and the other.
' through valves to our pressure gauge. See figure 7.

L ”The gas_supply system is quite conventional with
a two stage regulatorkreducing the tank pressure to a

value of 710 psig. The gas then flows through-a
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flexible hose to another regulator. This second regu¥
lator is a‘Mathesqh Cc,_yacuum type, capable of regula-
ting its output from ~50 - 750 torr. We. typicallf run

at ®300*tcrr; Next, the gas encounters a Hoke Mlcromlte

B flne meterlng valve, whlch is used to control its flow

into the evacuated target chamber. I would add that with-
cut the wvacuum regulator, we would only be able to use
zthe first '5 turn of ‘the 18 turn meterxng valve, whereas,
with the vacuum regulator S pressure reductlon, we are
'able to use n1-1/2 turns of the valve to achieve the
desired pressures within the target chamber.'

The pressure measurlng system con51sts of a num--
ber of vacuum pressure gauges spread about the beam tube
and target chamber, see flgures 5 and 7. The gauges
1ocated at the main pump, left port pump No. 1 and left
port pump No. 2 .are the cold ‘cathode type usable from
‘%lxlo ‘torr to 150x10~ Gtorr. The vacuum gauge on left
'.port pump No. 3 is the 1onlzatlon type usable from
mlO" to 10~ Storr. The above gauges are used for general
maintenance of the system and not for data vaUlSltlon.
An extremely accurate and sen31t1ve MKS Instruments Inc.
Baratron capac1tance manometer is connected to the
target chamber for pressure data measurements. The
manufacturer clalms a general accuracy of .1 per7cent,

- and repeatablllty of .005 per cent, | " The method employed
by the designers is to compare theruhkhcwn presSure

Px'with a smaller known reference pressure Pr.«-This



- comparison is done in our model 77 H-1 pressure head.
The head is divided by a highly stressed thin flat
ﬁetauie diaphragm{iato two ehambers, one for reference
pressure, one for theAunknown pressure. When the
reference and unknown sides dlffer in pressure, the
rdlaphragm is deformed but the dlaphragm is part of an
-ALC, capac1tance bridge. ‘Therefore, any 1mbalance.1n

pressure w1ll be transformed into an imbalance in the A.C.

bridge. Our type 77M-XR indicator translates this bridge

imbalance into-a pressure reading. One’ great advantage of

this arrangement is the ablllty ‘of. the indicator to null

(or balance) out (dlgltally) the gross pressure dlfference"

-and to then use the full sensitivity of the 1nstrument on
the flner levels of 1mba1ance. One can then achleve flve
51gn1f1cant dlglts in the readout.

| In order to achieve high accuracy, one must know
. the reference pressure Pr,'or reduce Pr to a value low
eppugh.td cause negligible error. Recall the pressure
indicated by—the instrument is the difference in préssure
P - Prd We. are using a Varlan VacIon pump (22/sec. ) to
maintain a very low P . We estimate from the current
drawn by the VacIon: pump, P_ to be <1O 6torr and would
‘therefore have <10 per cent error 1n our 1owest pressure

data.

2.4 The.Polarizatioﬁ Detection Syetem'

' This system ie.used to detect the intensity of

27



both the vertically and horizontally linearly pelarized

- components of the 5016 2 (31P -2t

S transition)} light
from ‘the helium target gas. The system is shown in
block diagram in figure 8 anﬁ’in L:1 scale in figure 9.
 The polarizétion énaiyzer conéists of a tfpe
HNf32-p01afizef.which has been éarefully mounted in a
holder and aligned such that it can be rotated from one
terminal position by 90 degrees to'anothet terminal
: position and then back,'etc. This arrangément allows
the.expefimehﬁer toisét the analyzer {at one terﬁinal
position).to_pass light whose electric field vector is
_vertical;\and-to then rotate the analyzer (blindlyi to
its other terminal position where it will pass only

horizontally polarized light. These rotations are in’

fact done by the experimenter in the darkened'accglerator

room. Thus the need for the two-(QO deqrees'apart)
‘terminal-positions..

Reflections from the surfaces of the polarizer

are acgdrding‘to the manufacturer isotropic and <4 per

cent; they can therefore be ignored. As previgusly
stated, the"ratio of transmissions for the désiredf
undesiréd cdmponen£s'is n1.5x10%. This arrangement is
then quite suiﬁable for alternate anélysis of the

' orthogonal cohﬁpnéﬁts of linéarly pol§rizeﬁ ligﬁt.

. The 5016 A line of He is selected by an in-
,terfe;eﬁde_filter.-:This type of filter is a device

which will transmit (by constructive interference)
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oniy certain wavelengths of light The transmission
1s polarlzatlon form 1ndeoendent, and W1ll therefore
not effect our measurement. This polarization form 1n4'
dependence was tested and confirmed by a rotation of
the,ehtire_detector and:e comparison of the'polariza—_
tion results for the two detector positions. This teet—
ing and confirmation process is descrlbed in section IV.
The filter used for this work was manufactured by Spectra
Fllms Inc., Winchester, Mass.. It has a peak transmittance
'of 60 per cent at 5018 A, and a full width at half maxi-
‘mum.of 18.8 i for normal incidence. The slight dlfference
in wavelength between our line (5016 A) and peak is not
significant, it only reduces the percentage transmission
for our line to 58 per cent, a 2% loss. See figure 10.
The need for such a filter becomes apparent wheh
"'onerexaminesrthe He epectrum. There are a large number-
of promlnent lines in the spectrum. Table 1 lists some
of those lines near our 5016 A line. Also, a partial
energy diagram'for He is shown in frgure 11, and figure
12 shows a epectral‘scan in the'region around 5016 A. The
lines nearest 5018 A are at 5047 A and 4922 A. It is
necessary that our interference filter not transmit these
or any other lines. We have no problem when the Hellum
light  is normally incident ‘upon the fllter, the 5047 A
line is attenuated by 99 per cent, and the 4922 A'line
is attenuated by >99 per cent, However, all the light.

incident upon the filter 1s not normally 1nc1dent and



~ THE INTERFERENCE FILTER

5018 A

—| le—(88A

5060 A

- - 60% ‘
- ﬂ Transmittance -

FIGURE 10

32



TABLE 1

o , .
- CHELTUM ' TRARSITTONS “NEAR' 5016 A

WaVelength(g)- __Transition (5016 A - )\)i
4713 | a3g+23p - 303
4859 (He II) .  8+4 | 157

4922 alp-2tp 94

5047 ats+2bp 31

‘5411 (He II) 7+4 395
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A is in fact, a function of the angle ¢f incidence.

peak .
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. According to Baird-Atomic, a manufaCturer of interference

filters, the Wavelength of peak transmittance is lowered

"~ as the angle of inoidence increases, such that

L
Sm g +
| — ;
where 6 is the angle of incidenoe, Ay is the wavelength

of peak transmittance for the angle of incidehce, Ag is

the wavelength of peak transmittance for normal incidence

and n is the effective index of refraction of the filter. -

A short computer prograhm was written to compute i, as
a function of both & and n. The'program is.listed in
Appendix C.1l, and thelresults-are shown in Table 2.

In our detector (see again figure 9) the largest

_poesible incidence angle is ~7°, Referring to Table 2,

‘we then see that the worst possible case (n=1) has a

1] ' .
A = 4980 A. This worst case is still gquite good

peak .
since ~99 per cent attenuation is achieved at only

o ‘ ' : :
“v22 A from Apeak {see again Figure 10). Our interference

filter is then quite_sufficieht to isolate.the‘solﬁ A
line of helium. , . | \

- A photomultiplier tube and associated electronics
aie used to-meaeure light intensity. We refer again to
_Figures 8 and 9 where the tube, its houSing and the
various electronics are shown. The tube is an EMI
62565, ~2 inch diameter, s(Q), SbC photocathode, and

very low (WleO“’A} dark current at the operating



TABLE 2

PROPERTIES OF THE INTERFERENCE FILTER

Index of‘Refractién Angle of Incidence ({deg) rg (R)

1.0 : 0 5018

" o 4 5005

" 8 4969
1.4 0 5018

" 4 _5611

" 8 4993
1.6 0 5018

" 4 5013
" 8 4998
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voltage of -1850 volts. The tube is wrapped with black
- tape and housed in an aluminum light-tight container |
with a single aperture in front of the photocathode.
The tube base is wired ae shown in Figure 13, and power
is supplied by a Power Designs Pacific Inc., Model 2k-10
',high voltage power‘supplyf The spectral fesponse of the
.phototathode is near its peak at 5000 R fio per cent
quantum efficiency) and is weil suited'forrmeasprements
on the 5016_ijline; The tube-was'ﬁsuaily operated at
room temperature excepting very warm days when iee ﬁater
cooling-Wes”neeessary to bring background count rates
back down to "normal. "
Signai pulses from.the tube were fed inéo-a C I..

1416 Ampllfler, these amplified pulses were next passed
,through a C.I. 1430 single channel analyzer whlch.was
used as a diécriminater to reject pulses of less than a
‘pfeSet.maqnitﬁde._ The Scalar output of the single channel
anaiyzer was passed to a C.I. 1470 scalar for couhting.
It was found that the:discriminator setting.haallittle,
:  effeet upon the final signal to noise ratio, therefore,
a'settiﬁg'was chosen to give a feasoﬁaﬁle counting rate..
This same effect was notlced by Pegg {1970), who used. |
this same tube and similar electronlcs.

| A ,eqond photomultlpller'tgbe'was used briefly
'during‘this feéearch,'it was mounted directly on the
‘second wihﬁew'ofsthe target chamber and monitored the

helium light output for.normaiization'purposes. The
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tube wasran RCA 8575 run at -2500 ﬁolts, at room tem-
pefature. The-arrangement is shown in figure 14. This
‘system was used only long enough- to conflrm that llght.
normallzatlon and current normalization gave the same
value for the linear polarization fraction, it was then
abandoned 80 as to minimize the changeover time between
the experiment of Dotchin et. al. and this work.

Due to the fact that the proton beam from the
laccelerator'is not stable, we must use a Faraday cup
to deﬁermine just'how much beam we have had in anf counting
period. rne_cup is really jnstlan extension of the beam
tube, of length lﬁ.Srcm, with an oval entrance aperture
{(v10 mm x ~20 mm)., The downstream end is closed by a
double end window of Vycor glass. See figure 15. We
depend upon‘the_length of the cup, and the entrance
- aperture to contain secondary electrons. A comparison of
beam current measurements was made for two lengths of
the cup with and w1thout the aperture, since the results
f’were essentially ldentlcal, we concluded that secondary
electrons were not escaplng and that the cup was contaln-
ing the proton beam. We therefore felt there was no
need fo; a suppression grid. The electronics for the
cub were shown in figure 8, and consist of Keithly Model
610 Mlcroammeter, a homemade voltage tc frequency con-
vertor, a C.I. 1nvertor, and a- Mechtronlcs 700 scalar.
In use,_the,mlcroammeter is connected directly to the
' Faraday cup, the b.c. chart recorder output,of,the -

El
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microammeter is sent to the vbltageito frequency conver-

- tor (buil# by L. W. Dﬁtchin from plans in the General
-3Electric Transistor Mahual, General Electric Co., Syracuse,
N. ¥. 1964).. The pulses fr0m the cohvertor are inverted

to match fhe inpﬁt reqﬁirements of the scalar where they
are counted. The number of counts appearing on this

‘ scalar is aifectly prdportional to the humber of protons
'passing throughrthe target chamber, and can thefeforé be

used as a normalization base.
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SECTION III
. EXPERIMENTZL METHOD

3.1 Introductory Description

The'methods‘useé'in'this research have been
evolved so as to maximize the usefulness éndleffective—
ness of the apparatﬁs with which we have worked. Methodér
were evolved to deal withrthe irreqularities in the proton
. beam from the Van de G?aaff acceleraﬁor.. In fact two
methods‘were de#elopédlahd_used simultaneouslyiénd‘gave
the same value for the linear polarization fraction. Thé
need fdr'thgse normalization methods and their implementa-
tion will Be discussed in the next paragfaph.

“The adtual data taking process is dependent‘upon
the type and settings of electronics used. Oﬁe must re-
main within the useable limits of the electronics while
a; the same time maximizing the signél to noise ratio.

Our methods fo:.achieving this end are described in
paragréph,3r3.
| Finally the'aCﬁual step by step data ‘taking pro-

cess is outlined in paragraph 3,4.
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3.2 The NHeed for Normalization

© The Ven de Graaff accelerator, being mechanically
powered, ie more susceptible to irregularities than most
other pieees of apparatﬁs. The proton beam from the
accelerator typically undergoes three d*fferent types of
'tran81tlon,.1rregular 0301llatlons of beam current, leng
term upﬁardror_downward drlft of beam current, and
,eudden “1/2 to 1 1/2 second complete cessations of beam,

| 'The irregular oscillations in the beam current
ere‘probaﬁly due to a number of facﬁors including; .
irregular transport of charge by the belt within the
~accelerator; fluctuations ih the prbbe voltage (the_probe
 §oltage supply is ﬁowered1by a generetor dri&en by the
- belt); and overcorrections_ih the negative feedback \
loeps of'the'enefgy stabiliiatioﬁ system.. In so far as
our'expefiment'is concerned, high frequency pscillations
afe‘of'no'lmportance, they would: 31mply average over the
>1 Secona observation perlod used 1n taklng data. Low
frequeney oscillations must be accounted_for in order to
correctly compare intensity measurements taken at.differ—
ent times.

Long term upward er downward drifts of beam
current must be dealt wifh in.the same manner es-the low
frequenéY'irregular osciiiafiohs, especially if tﬁese
drifts ere nOticeabie within'ﬁl'second-periods. These

long term drifts are most likely due to changes in the
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rate of flow of H, through the paladlum leak.

- The sudden cessatlons of beam are usually due to
.spa;ks within the-accelerator tube, sparks among the
-equipetential planes, or a spark from therhigh voltage
terminal_to the tank wall; Occasionallf, the beam is lost
for a short fime‘ﬁhenlthe enexrgy etebiliza;ion system is
unable to eofrect.for an excess or lack of charge oﬁ the
high voltage terminal. The beam enerqy will then be teo
high/low for the magnet to steer'the,beam into the left
port beam tube and the beam will be lost until the charge
situation corrects itself, 1In any case, whenever the
_ beam is. 1nterrupted the data taken at. that time is not
used, the machine is reset if necessary and new data is
taken. The problem is to determine when an interruption
o haswoccurred. The problem is solved by making the_expefim
menter a part of the'apparatus, While‘taking data, the
experimenter,stands at the end of the 1eft port beam tube
and_stares’at the ﬁycor end window of the Faraday cup.

7 In sffiking the vycor, the'profon beam genefates.a dig-"
tinct blue 1igﬁt. With.practice, the experimenter can
-spot beam interruptioﬁs (as an ihterruption'of the blue
light) which last for as short a time as ~1/10 second.
_The data_is then not used, ﬁhe scalers are reeet and

f neﬁ data is taken. |

Again, normalization is required so that one may
©  compare intensity measﬁréments made at different times

even though the beam current is not constant in time.
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Also, the experimenter is part of the apparatus not only
inrthe;sense Qf making .adjuetmeqts} but alsc as a sensor
‘ usingieyeslandkeven ears to detect irregularities ih the
van de_Greaff performance.

Werhave used two different normalization systems
to monitor beam‘eurrent, In the first.case, we monitored
the irregularities in the-light cutput of the helium
target gas. This system was based upon the assumption
'that_the light output was directly proportionai to the
number of excitatione which had occurred within the tar-
get'chamber. ‘The secondrsyStem was a bit more direct,
we esed a fafaday cup to collect the:beem after its
passage through the'target chamber (assuming very little
loss) and_integrated‘the beam eu;rent. 'The,first system
then normaiizes te the number of exdited'helium atoms |
(assuming no saturation occurs), while the second system
normalized to the number of protons passing’through-the
: terget chamber. 'We‘formulated the hypothesis that the
humber of excitetiens should be directly proportienal to
the number of protons passing through the chamber, i.e.
that calculatlons based upon data taken 51multaneously
with both_systems.should.glve the same result. This:
was in fact the case demonstrating that our two nor-
malizing systems were equlvalent._ Once we were satis—
fled as to that equ1valence, the light normalization
system was deleted from the experlment.' Its continued

use would have created large ecale problems durina the
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changeovérs'between this work and that of Dotchin et al.
All the data. and results presented in this work are

based upon the current normallzatlon system.'

3.3 Setting the Detector System

The sysﬁeﬁ is "set“ by'properly adjusting all
dlscrlmlnarors, ampllfler gains, and mlscellaneou& other
parameters.' |

A vefy simﬁle'and direcf method is used to time
£he-runé,‘in fact, all runs have the SAme‘duration. As
shown in Figure'B , an Ortec 480 pulser drives_a pre-
set&ble Méctronics 702 scalar/timer. Pulses are gen-

' erated by the pulser in syncronization with the A.C. line
frequency, i.e. 60 pulses/second. The_Mectronics scalar/
timer is_p:eset to turn off at 80 coﬁnts, (ﬁr 80/60 of é
secéhd‘= i. §"second) When the scalar/tlmer shuts off,
'1t will 51multaneously (1 e. in a time which is short
- compared with the average time between data.pulses to
the other sqalérs)-shut off, via built-in gating cir-
'éuits,lthe other tﬁo s¢a1afs. The counting time of 1.%
second was.in éart forced upon us by the data count ratés,'
an&-by-the tendency of the van de Graaff to spark gquite
often. 'Welﬁaﬁted a counting time of the order of 1 to ‘
1 1/2 seconds.ihrorder.tO-gét cohvenient coun£ rates and
‘yet still be short enough so that the probablllty of a

spark (beam interruption) would be small, 1. 3 second



was the best available comproﬁise

The ampllfler gains, dlscrlmlnators, and photo=-
multlpller tube hlgh voltage have been seL for lngle
photon counting and zero dead time correction. Typical
count rates are'éhownrin table 3.

The scalars used are capable of count ;atesron
the 6tde; of 10*-10° counts/second before dead time cor-
rections are needed.

The signal count rate for the notmalization
‘scalar is.coﬁtrolled by the raﬁge switch bn‘tﬁe Keithly
m1cr0dmmeter. The output of the Kelthly 1s the same per-
centage of 10 volts as 1s the 1nd1cator of full scale.

We limit, by ch01ce of range, the percentage of full
jscéle such'that the input voltage to the voltage'to fre-
quency converted does not exceed 2 volts,rwhiqﬁ in turn
1imits the count rate.

-7Th¢ criteria for the pciarized light intensity
scalarris that the tube be operating in thé single photon
counting mode ahd"that extraneous_noise not be counted.
The count rate is then controlled by tube voltaée} am-
pllfler gain, and the single channel analyzer s dls—
crlmlnator.

The sources of backgxound céunts are nomse pulses
'(boLh thermal and llght nolse) in the case of the polar~
ized light intensity scalar, and zero offset of the
Kelthly mlcroammeter in the case of the normallzatlon'

scalar. To minimize background counts in the first case,
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TABLE 3

- SCALAR COUNTING RATES

: Signal + '
Scalar Background rate Background rate
[Scalar/timer ' ; 60/sec : 0
Light intensity . 100 to 5000/sec 10 to 50/sec

Normalization ~1300/sec - vi/sec
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'pne darkens‘the.accelerator room, uses lead bricks to
shield the tube ffqm tank x-;aYs, and ﬁheﬁ necessary,
cools'ﬁhe tube. In the case of the normali?atioﬁ scalér,
one can "adjust" the background count rate by adjustiné
the zero of ‘the microammeter. We have always chosen to
carry a.béckground rate of 2 to "8 dounts/secand s0
ﬁﬁét we Qere sure that ther“zero" was not negative. A
: negétive zeroing of the microammeter would have given us
a false {low) value for the integrated beam current,

Our next problem is that of maximizing the sig—
- nal to noise ratio. Only in the polariéed light inten-
V-Sity,scalar is the S/N ratio low enough to merit concerﬁ.-
‘The only option; afterlexternal noise sources have been
- eliminated, is to try adjusting the discriminator of the
'singlegchannel“analyzer. ~We have fbund no .appreciable
changes in S/N over a wide range of discriﬁihator_setﬂ
‘tings. (The S/N ratio is a function of the preséure and
ranges ffom‘m3 to.mlﬁo,) We ha#e therefore arbitrarily
~ chosen a_disﬁriminator setting_which resuits in a con-
veﬁient cbuqt rate. Again, see Pegg (1970) forrfurther

-discussion.

- 3.4 Taking Data

The steps followed in the actual data taking
1. Warm up phototube and electronics for ~12

~ hours.



52

72,‘ Warm up acéelerator for ~1 hour
3.  Turn oh_beam in center port, adjust current
and energy
4., Steer.bEam'into left port,'adjust current
and energy |
5. Go downstairs and‘; . .
. 6. Start flow of He into target chamber, adjust
. pressure |
7. -Assume data taking position‘at end of left
port beam tube | |
8. Reset 511 scalars
9. Switch béam.off by remote switch
10. StartVSCalars for background count
11. Record valﬁes;on scalars
12. Turn beam back on
13, Rotate polarizer (by hand) for passiné E
: ﬁeétof vertical |
14. Reset scalars
15. Startrscalars
16._7Rgéordjvalues
17. Rotate polarizer 90° (by hand)
- 18. Start scalars
:19. Regord'values
. 20, 'Repeat.lB-lQ with occasional background
runS'(beam off)
A normal data run will consist of first a back- .

.ground reading for the polarization and normalization
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scalars} then 7 sets of "polarization vertical" -
~normalization —_"ﬁolarigation hOri;Qﬁtalf_— normalization;
then a background run; then 6 sets of data; then a back-
ground run} then 7 sets of da?a: and finally a last back-
ground run, Typicallf, a data run (20 measurements + B
4 backgrounds) will take nv3/4 hour exclusive cof tune up
time for the Van de Graaff (another ~1/2 hour).. Table 4

is' an actual data page from the laboratory notebook.
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SECTION IV
ANALYSIS

4.1 Calculating

The linear polarization fraction m is defined_

L as . . .

U - | o
I g

whére I”_aﬁd I, are the intensities of the'light with
electric fleld vectors respectively horizontal (Darallel)
and vertical (perpendicular). These 1ntensities are
 determ1ned from the number of counts show1ng on the
scalars at the end of each parallel and perpendlcular
data acqguisition perlod. We must of course subtract any -
_backgrouﬁd cbuﬁts which are included in the scalar dis-
'play.‘ Furthermore we must normalize thesé intensities

to integrated beam current (aé discussed in section 3).

Therefore the intensities are expressed as . . ,
Cv ~ 8

“ .h@ - B,

Cy - 34
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where in both céses the numerator ?épresents signal
. céunts, i.e.‘toﬁal_counts (on the light intensity scalar)
minué'backgroﬁnd counts. The denomlnator in both cases
is proportlonal to the number of protons which have _
passed through the target chamber, represented by total -
counts (or the nermallza+;on scala*\ mlnus background
counts. Thus 1 and 1; are’ the 1nten51t1es per proton,
_and are:therefore lndependent of small fluctuatlons of
ithe p:ofoh'beam current. We then have the following
definitions . . . |

Cyr C, = The number of counts on the.light_in~
ténsity scalar for”the parallel and. perpendicular data
aéquisition periods.

‘B, = The average numbe: of backgrouhd counfs'

on the light intensity scalar.

" N,, N, = The number of counts on the normaliza-
tion scaiar for the parallel and-ﬁerpendiCularudata
acquisitidn périodé. | |

“ - 'BN =.Thé average number of backgrouna counts

‘on the normalization scalar.

Atrfirst glance a non zero BN.is not expected, thever we
purposely set the zero adjustment of the Keithiy micro-
ammeter to give a smallrbacqubund on the normalization
scalar.. This was done so thaﬁ'we could be assured (by
checking’bapkgroﬁndrcounts)'that the miCroammeﬁer Zero

adjustment was not set negative. Therefore we were
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assured that no counts were lost,

We then do the actual calculation of the linear

polarization fraction = from . . .
C/,"BI ) -C,J_’ ET
TV = Ll =S Mo m By 4.1.3
aﬂ-‘gz . c, - B
Ny — By + N, - By

Note that é caléulation of =n requires twoidata acquisition
éeriods, one for the parallel &nd.one for the pérpendicﬁlar
orientation of the pdlérization.analyzer. A typical data
run then consisted of twenty méasuremen;s of'I” and I,
.and then the twenty calculations-of T, The=aVe£age back-
‘grdunas Bj and By vere found frgm-four measurements taken
before; during and after the data run. Sée again tabkle 4,
‘7 The actual calculations are done on the University
_ of‘New Hampshire's IBM Call 360 time sharing computer .
_3fstem;. |
The cqﬁputer piogfam which does this calculation

(called NEWPOL and listedKin_Apﬁendix C;é) will print out
AC”, N,yr Cu» N;, and 1 all twenty times and will then print
] a ﬁean ", the standard deviation, and the_standard'erroi__'
of the meaﬁ,‘the beam-energy, current, the He target pres-
sure, and the number of 7's deviating by'more'than two
standard deviations froﬁ'the mean m., Table 5 shows the

program output created from the data of table 4.
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4.2 Polarization Measurement Error Analysis

There are of course two types of error inherent
in thisfexperlment.‘ Random errors osecur duectc the nor-
mal variations-(fluctuations) in counting rates; and
systematic errors occur if faulty equipment and/or
‘methodology.is used. The random errors present a problem
only in that they limit the preclsion of the calculation
of ‘u; any Systematic error could reduce the accuracy of
the experimental result.

| We will first discuss the raudOm'errors'present
_ inAthis work. The linear polarization fraction w.is_
calculated from Eq._4.1.3.' The variables which. appear in
thls equatlon are 51mply the ntmbers which are dlSplayed
by the scalars at the concluslon of each‘of two 1 l/3
.seccnd-lnten51ty data acquisition_periods,-as’well as
1theraverage of'four 1 l/3'seconds'background count
acquisitionhbericds. Every one:of these scalar displayed
numbers is subject to uormal statistical fluctuations,
thus when T 1s calculated the prec151on of a single cal—
culatlon 1s qulte poor. We therefore repeat the measure-
ments from.which T ls‘calculated tweuty‘times for eacht

n run R (1}

'and_takexmany runs for every "final" value of =,

The = Wthh we w1ll report as a result is thL average

'of Nx20 values, (where N is the number of runs at some N
‘partlcular pressure, beam current, and beam enerqgy) . Thus,

the precision of this work is enhanced by repeatlng our
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measurement a muititude of times.

_In,Orderrts_shalyze our random errors, we must. .
take care to distinguish between sample variables and
population variables. WeIWill féllow the nétation of
' Parratr (19715 and Wilson (1952) where the sample (run)
.mean,‘standard dev1atlon, and standard error are sym-
:bollzed by m,s,‘and Sn i while the. populatlon mean, stan-
dard deVLatlon, and standard error are symbolized by W,
g, and cm" We are of course most interested in ¥ and
 Um since we w111 report the linear polarlzatlon fraction
in terms of our best estimate of the parent populatlcn
mean, and its standard error. The'procedure is outlined
in the following formulae where Tis is the calculated =
'from‘one set,bf measﬁrements for the jth run (i.e. 1/20
of a run) and n=20, All n, 13 are equally welghed For
each run, where 3j is the run index
: n_

mp= 250 4.2.1
L=y : _ ,

while for the best estimate of the parent population
mean . . .

/“: 2 2“{ | 4.2.2

j-.w FEY)

'where N is the number of runs at some partlcular He target
gas pressure, beam current and energy. It now remains to
calculate and estlmate the dlSper51ons in the sample and

parent_populatlons. The standard deviations s and ¢ are
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suitable dispersion indicies. For each run we have
| 2 - ;) | 4.2.3

while for the parent population we have

al-

[ (7« /u)] - 4.2.4
However, u is never known exactly, only estiméted as p'

from Eq.'4.2.2. The best estimate of ¢ (see the appendix

 of Bacon (1953) is then

G— 2 E (m‘{ aN-7) (T -/(l.)] ' 4.2'5.

Since in this work we take many runs and calculate
a méaﬁlﬂ for—éach, it is useful to also calculate the stan—
dard error o {also called the standard dev1atlon in the

mean). The experimental standard .error Sn is

‘—

Z)!T( ;’_'é'ﬂ%_mj)IJL ' 4.2.86

1_’ Jes

where ‘E;f'ﬂy ' is the grand mean, or mean of means.
j"' . . . .

Sm-is,mcre easily estimated from the standard deviation s

by
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ho

- where in our case n=20, the number of 7's in one run. We

" dre in fact more interested in the standard error o cf

the parent distribution,

4.2.8

L_EJ
Cel

N%w 4=

T, - 2"(”’
and

;o
: == U

Jnn'

Again u is unknowable exactly and we must estimate o
Using 4.2.9 with‘4.2.5,'we arrive at the useful result'

that

f

'L .
[E 5 ,.NM ) (V ‘/‘“')] o 4.2.10

According to statistical theory, the mean 7 of

~any run hias a probability of 68.3% of falling between the

values of BoE . On.

We calculate and report as’ follows .« « . for

every,run of n=20 m™'s, we calculate the mean-fdr the run

-mj (Eq. 4.2. 1); an estlmate of the parent population

" standara devlatlon for the run o, (Eq. 4.2, 5, with N = 1)

3

, and_thé'éStimaEed'population standard error O (Eq. 4.2;10,

with N = 1).
'When sufficient runs at a particular He target_

gas pressure, beam current and energy have been
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accumulated,'the Nx20 = valﬁes are combined to estimace
th?__POPu;ét,ion"mear_l“u'_ (Eq. 4.2.2), usually written
simply as ﬂ;‘the'population standard deviation o

(Eq. 4.255); and the population sﬁandard‘error O

(Eq. 4.2.9). |

N In the first case where single runs are analyzed,
the. computer program NEWPQOL is used (Appendlx C.2), for
ﬁcalculatlon of the accumulated result the computer program
STAT is used (Appendix C.3).

When our results are givea in the next section,
we will report the-estimated population mean and‘the |
standardlerror Ty * | |

 We must now discuss pcssible systematic errors
sinéelthiS'tfpe of error.will reduce the accuracy ofrany
'experiment. Some typical examples of systematic error
are ;'. . |

1. Subconscious bias on the part of the

observer |

2. Incorrectly calibrated instrument(s)

3..'Misa1igned apparacus

4.  Lack of correction for chcnging

environmental conditions

5. ﬂFelse assuﬁptions of independence of result

from an experimental parameter

6. . etc.

In this work, the greatest possibility for a



sysﬁematic7error lies in whether or nét our poiarization
detector is biased. We evolved a 5imp1é method for
‘détéfmininé the ggistenée of any'biéé. our polarizafidn
~detector‘housing was modified such ﬁhat it was possible
to rotate the entire detector, about its llne of 51ght,
by 90° When we then compared m results arrived at for
‘,the detector normal. (N) p051t10n and the results for the
detector rotated (R) position, we could unfold any de-=
tector b;as. We chose to do this procedure bve;‘a range
- of proton beam energies with constan£ beém current and
He térgefrgaslpreésure.- Many runé were taken‘ét-éach
,eneréy-with'detEthr (ﬁ) and (Rj. The méans~ﬂN and Tw -
were_ca;culated_at each energy along with the eétimated
and ¢ We are'then

N R*
.‘able to use the "student" t test for “the 31gn1flcance of

population standard deviatiOns o

the dlfference of means as described by Sglegel (1961)
The t test is. derlved from small sampllng theory
.*(although, under condltlons of 1arg¢ samples, it becomes
AeQuivalentto the g'statistic). Using our notaﬁion . .
+ = /f’r:‘ '"-./{:‘ 4211
.FT J;IE * _nh& | )

where n again is 20 and Ny (NR) is the number of runs

with detector N{R). Also,

, aMeSu + o NSt T - 4.2.12
BN e YY)
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where SN(SR) are the detector N (R} standard deviations

calculated from_t 7
A Vo1 "2 : . .
S = 2 E T -y 4.2.13
g:0 42 . ‘
_Note that s- ””‘ 0’ where ¢ was defined in Eq. 4.2.5.

Having done‘these calculations, we are then faced
with the statistical decision making‘process.‘ In ordexr to
compare two means, we must do a two-tailed test on the ¢
statisticf Let ua state the hypothesis ﬁg: there is no
Significant difference in the means; and.ﬂlz there is a
‘51gn1f1cant dlfference in the means.‘ It is éustomary to
_maxe the test at both the .05 and .01 levela of signifi-
‘cance._ The range of acceptable t values at the ;01 and
- 05 1evels is shown in table 6 for various degrees oF
freedom = Dﬂ% A —-2 . If when we calculate t
from Eq. 4.2.11,-t lies outside the range given by
table 6 (for a particular ‘V and level of siqnificance),
we would have to reject H, at’ that level of s1gn1f1cance.‘
A rejectlon at the 05 level means we have a s percent
probablllty of having made a “false“ rejectlon, and a
rejectlon of H at the .01 level 1mp11es a probability of
1 percent of a "false" rejectlon. ~If we have a rejection
: at .05, but-not-at Ol then H, is probably“ true, i.e.
"there may be a 51gn1f1cant dlfference in the means.

A computer‘progradeTEST_(Append;x-c.4) was used

to calculate the t values from Eq..4.2,11 for both N and



SIGNIFICANCE LEVEL

TABLE 6

. T-TEST SIGNIFICANCE LEVELS

By .01 .05

20 -2.84 < t < 2.84 -2.09 < t < 2,09
10 2,70 < £ < 2.70 22,02 < t < 2,02
60 ~2.66 < £ < 2.66 2.0 <t < 2.0
120 -2.62 < t < 2,62 “1.98 < t < 1.98
00 -2.58 < t < 2,58 “1.96 < £ < 1.96

66
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R oraeatatlons of the detector. The results are shown
in table 7. k‘Qp;y_at_450_keV7proton beam_energy ;s there
any possible significant difference in the means. The
last entry in table 7 compares the mean_of the (N+RS |
resﬁlts withltﬁekmean of the N results, and‘shows no
sionificant'difference. We therefore conclude,-that-our
polarlzatlon detector has no 1nherent polarlzatlon form =
bias and that said detector does not contribute any
'systematlc error to our experrment. We will-henceforth_
combine the results of Nrand R runs taken at the same
pressare,.energy and current, |

A secoﬁd'poésible source of systematic error in
this work'could be caused by any drift in our electronics
which was constant in 51gn for the greater part of a run.
In order to average cut any such drifts, the order of
data taklng ‘was varled durlng a run. The linear polar~‘
'1zat10n fractlon was always calculated for time adjacent
I” and Il values.' Our data taklng order would be .« e .
LN NOTHELN) ()] [z, (LN T O N ) (LN, ]
7, - etc. where the rectangular brackets denote a cal-
culated . It 1s our contentlon that any “constant"-
drifts would belaveraged out by this method of data
_ taking. Any random drifts would of course'average_them-
selves out of our calculations.

Another p0951b1e source‘of systematlc ‘error lres7
"in the fact that stray magnetlc flelds can cause preces-

sion of the atomic electrons and, therefore, depolarize



-_'TEST FOR SIGNIFICANCE OF'DIFFERENCE OF MEAN 7

TABLE 7

FROM NORMAL AND ROTATED DETECTOR

"t VALUE

68

BEAM. # of DEGREES | DIFFERENCE IN MEANS
ENERGY | N Vs R of FREEDOM 'SIGNIFICANT
.15 L0
(keV)
150 0.00 138 No No
,206 1.75 118 " "
250 . .25 118 " .
300 .48 238 n :
350 .96 118 " "
'400  1:76: 118 " "
450 ‘2.48‘ ' 13& YES' "
t VALUE
(N+R) Vs N
_450‘. -1.23 218 No. No
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the light from a collection of atoms. Feofilov (1961)
_‘discqssesfthisgprpblem and gives the results of Breit

‘as follows .. . .

. e H ti
| | m-‘ﬁj”(f—,,z??’) S
and - - C | 4.2.14
Tan (26) = £2 97

where 7, is the zero magnetic field linear polarization

fractlon, T ois the polarization fractlon measured at
magnetlc fleld strength H, T is the mean life of the
tran51t10n, g is the Lande g facter and ¢ is the angle of

rotation of the plane of polarlzatlon. U51ng . . e

e = 4.8x107 stat ¢
m= 9.1x10"2° qm
¢ = 3xl0!0 cm/sec

| estimating!r=2x10-9.secends (from Detchin et al.) and cal-

cﬁlatihg“g for the 3'p states from

, 4l s s6r) - 2l  szas
?_’ ‘Q.j(a'm) o

where j=1} s=0, and 2=1 so that g=l. We then have . . .

| . = TJi #fozs)d] |  4.2.16

ﬂeasurements of'the:magnetic field strength H in
'the vicinity of the target chamber were made uSiﬁg a |
HellFlux Magnetlc Aspect Sensor type RAM~-3. These measure-
ments were made with the Van De Graaff steering magnet
generglzed. In no case were we able to find a field in

excess of ~3/4 gauss. Using this in Equation 4.2.16, we
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| | )’};l;/’}'(iak_ooo?)

and conclude that the magnetic'depolarization is negli-
_glble when compared w;th the random error present. Simi-
larly we conclude that ¢=0 and the plane of polarization
is not rotated by the magnetic field.

We muet.also cencern ourselves'with eollisional
depoiarization. Colllslons between helium atoms in the
‘target chamber, as well as wrth the chamber wall, will
‘tend to equalize the magnetic substete populations and,
therefore, reduce the polarization. Referring tora
" mean free'path‘caleuletion‘done in the next section
(4.35,‘we £ind the mean free pethr(using the geometric “
cross-seetien) of the helium atoms to.be ;_47cm.‘_The-
rms‘velqcity_of the helium atoms is Ve ﬁ,Jrié;f_7
-whicn for room temperature helium works out to
| ﬁ;ﬁ ~ 1/:le,os ¢m/sec = . Therefore the nean collision
time is = 3.33l0-“jsec. However, we muet also aeeount
ror the.ehamber walls where the radius is ~2,5em.  Thus,
we can expeet a wall cellision in t=1.8x107% seconds.'
"Since even thlS time is 4 orders: of magnltude larger
than the mean llfe of the 3'p state (1.8x10° sec), we
, can‘lgnore-the p0551b111ty ofrdepolarlzlng collisions.
Another mechanlsm which could cause a . systematic

'error 1s that of cascadlng, where the ilp level is popu-

lated not only by direct proton excxtatlon, but also by

70



71,

downward‘transitions from n'S and n'b_leuels (n>3). In
~general, qascading_iﬁtputhe 3'P level from a number of
'diffetent'upper 1e§els wili tend to equalize the meg-
_netic substate popuiations and, therefote, reduce the
'emount of polarization ekhibited'by the 3'p ~—— 2!s
transition. Heddle (1962) has shown that if the per-
centage of the 3!p populatiou‘due to cascading is C%
then the experimentally observed polarization must be
multiplied by the factor fl + e/lOO) in order to correct
for the cascade depolarizetion. C ie most eaeily,cal-
culated following the method in appendix b of Van Eck's
(1964) paper, using the transitiou probabilities listed
in Gabriel (1960). However, iulorder to_do;thie calcula-
ticn, we need tﬂe values of various experimentel emission
and excitation Cross seCtions. All the necessary experl-
mental cross sectlons for thlS calculatlon are not yet
in the llterature.‘ Slnce the agreement between theoretl—
cal and experlmental cross sections is so peoor, we have |
decided. not to do the calculatlon Wlth the theoretlcal
values, but to instead rely. upon the experlmental dpter—

minations of cascade given by van den Bos (1968) and by

‘ Thomas (1967) In‘both of these works, the authors use
. their own unpublished deta to calculate the‘cescade per- -
,centage_c, uhiethhey then report. Van den Bos-reports
values for c of 8% at 100 keV and 6% at 150 keV; while.
Thomas feports 4% ever the energf tange'lso‘— 1000 kev,

We will, therefore, correct.for cescade aé‘follews:



at 100 keV use 8%, at 150 keV use 5%, and above 150 keV
use'4% for the cascade corfect;on.“
| We must next discuss ﬁhe effect of resonance
trapping on the polafization of the emitted light.
ResonahCeltrapping occurs when the beam excited 3!p
level decays to the 1!'S level and the resultant photon
is trapoed by a'éround state He atom. The ground state
atom is ‘then of course excited to the 3lp level and may
then undergo a 3’P-—a-2ls transition. .Thls event re—'
sults in our detector seeing light from etoms which were

not space quantized by the proton beam, and, therefore,

- results in an experimental polarization which is lower

-than tﬁe free atom value. - In order to estimate the
.amouht of traéoing which occurs, we turn fi;st to the
work of Lees‘(1932) and Lees e£ e1.5(1932) ~ These works

7 used photographlc technlques to determine the ex01tatlon
Cross sectlons for various He levels excmted by electron‘
impact. When Lees' photographs showed A 5016 A 11ght
emanafihg from He gas which was not 1mpacteé upon by the_
beam, he and Sklnner concluded that 3!p-~ l‘S radlatlon
~from the beam area was being trapped and a portion of it
would then be emltted as 3! P- 21 S light. They showed that

‘ -nr T,
the.proportlon of light absorbed = [- @ :

where n is
-the'nomber deneity,.r is the target chamber reaius, and

: Ta‘is'the atomic ebSorbtion-coefficient} |

| Their values for 7, were 2.3x107!® (experimental)

and ~92x10™!°® (theoretical). Once we know the



percentage trapped in the 3'P level, the ratio of the
t;snsition propabi;iﬁies A(31P-2iS}ZA(313flls)_= .023
will7give us some indication of the percentage of
- 3lp-1lg which is flrst trapped and then radiated at
'_3 p-21!g radlatlon. ‘Of course, the reradiated 3!p-1ls
radiation_may be retfapped, etc.' Table 8 shows the re-
~ sults ef'these estimations_as a-function,of pressure.
This 1ssue is obviously not resolvable with thlS dataLe
| Recently more comprehen51ve work on the 1mprlson-
ment of ReSOnance Radiation ;n gases has been done,
netably-by-Holstein {1951) and Phelps (1958) . Holstelnls
mathematlcs are not suited to our low pressure work, and
in fact are not useable. Phelpsson the other hand using
ﬂolsteln s concept.presents'a transmission probabiliﬁy
graph from which the transhission of the Sly-lls radia-
tion. of He_(in termseof target chamber radius) can be
abstfaeted..'This transmission probability is then cenf
verted into % trapped (see table 8), We note that the
Phelps'results fail between the two ex#remes of Lees‘
work. Using Phelps' results iﬁ the wdrét possible case,
.where 93% of the 3!p- -11s radlatlon is trapped, and
- applylng Lhe factor of .023 from the ratio of tran51tlon
‘probabllltles, we find a trapping. correctlon T of 2, 1%
ThlS has assumed single trapping evenfs. In‘order t0'
‘accountrfor mult;ple trapping we arbitrarily raise that
figure by (f023)x(.5)ﬁ.012 and estimate the trappiné

correction T as 3.28%. Estimated trapping'correcﬁions_'

1
L



TABLE 8

TRAPPING CORRECTIONS

He . % TRAPPED

H | |  cRapPING
PRESSURE LEE'S ' LEE'S PHELPS CORRECTICN
mtqrr VEXPERIMENTAL Ta - THEORETICAL Ta RESQLTS T in %
01 s . 5.9 5 17
.05 BT o ‘.26. | 20 .69

2 3.0 70 s 1.6
6 ’é.fz - 97 80 2.8
1.0 | 14 - T 90 3.1
1.5 T | 99 93 3.2
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:are listed fn table 8 for the various‘Hedpressures we
have used; We can thenrcorrect for resonanceltrapping‘
"fdepoiari;ation hy.mnitipirfng-our erperimental 7 by
- (1 + T/100). We will ‘later discuss another type of
.trapplng Wthh may cause error, namely trapplng at the
21s level of a 3'p- 2's photon. ‘
Since we are already making a cascade - correctlon
of the form (1 +- C/lOO),and rather than compound the cor-
rectlon, we-deflne D=¢C + T as the unpolarized 11ght
contrlbutlon to the 31P 2's radlatlon. Qur correction
therefore ‘takes the form n = exp(; + D/iOO), Table 9'
]ShOWS D-tabulated for varlous'proton beam energies angd
ﬂeiium'gas'pressures. Generally this correction is
Lsmaller than the standard error of the mean of 7.
| We must also discuss the effect of the He gas

purity on the measured polarization. Since‘We work at&
_qulte low pressures, 1. 5 mtorr and below, the gas density
is qulte low and as stated earller the mean c0111s1on
time 1s roughly 3x10~* sec. However the 3lp state has

a mean life of 1. 8x10‘9 sec (Dotchln - prlvate communica-
;'tlon) and decays of that state should be extremely free:
of effects from the very 1nfrequent collisions with not
_only other He atoms, but also with the rare impurity
‘_atom. We have used two sources of He in taklng data, the
'flrst was. standard grade “98% pure,’ and the second was
‘research grade 99. 999% pure. The results chtained were

zdentlcal (w1th1n S.E. ) ang clearly 1mpur1t1es pose no



TABLE 9
'ESTIMATED UNPOLARIZED LIGHT CORRECTIONS

He Pressure {(m torr)

.01 .05 .2 .6 1.0 1.5
100 9.6
150 5.2 5.7 6.6 7.8 8.1 8.2
200 5.6
Proton 250 5.6
Energy . -
(kev) 300 | 4.2 4.7 5.6 6.8 7.1 7.2
| 350 5.6
200 5.6
450 | 4.2 4.7 6.8 7.1 7.2
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.problem to this study.

| A 31mple problem whlch could have caused a gross
-systematlc error was-dust Any substance whlch mlght
-adhere to our HN-32 polaroid analyzer and scatter light;
could cause an artificial differencelin-the intensities
IH and I, as the analyzer was fotated_between its two
poSitions. We therefote took great care to keep the
polarlzatlon analyzer clean and dust free.‘ To insure
that an error caused by dust would be reduced, we spread
our data_taklng over many days and many analyzer clean-
ings}-assﬁmihg that in the long run unescapable small
. errors would average out, | B |

hnother possible source‘of error is due to the

shape of our protonlbeam. It is roughly rectangular in
.cross-sectioh, m2xld ﬁﬁ, This_is quite a large beam area
for an experiment of this type, and we need to be con-
cerned about those processes whlch mlght occur w1th1n the
 beam reglon. We are forced to accept this unusual geom—
etry due to both the idiosyncrasies of our electrostatic
foou51hg system and the expetlmental needs of DOtchin
et al. The beam region in‘the-target chamber is a olasma‘.
region, andka Faraday rotatioh of the plane of polariza~
tion of light is conceivable. Faraday rotation occurs
due to blrefrlngence in the ‘plasma, the blreFrlngence in
turn 1s due to a magnetlc field (e.q. the earth s field).
-The blrefrlngence also means that the 1nd1ces of refrac-

tlon are dlfferent for right and left circularly



78

polarized llght. ‘Since a llnearly poclarized wave can be
‘con51dered to ba the supecp051tlon of two. counterrotatlng
c1rcu1arly-polarlzed waves, and 51nce.the indices of re-
fraction afeaifferent for'gach component (hence the phase
Velccities are difffrent), the plane of'polarization of

| the linearly polarized wave is rotated. The amount of
‘rotatiOn depends upon the differences,in'the fwo indiées
of,refréction, and the thickness of plésma penatrated by
the wave. An outhine‘of fhe Faradéy effect is found in

a text by Mérion (1965) and a very good generalized
‘treatment is available in the work of Larson (1967). The

two 1nd1ces of refractlon are found from

. : . % o :
— - ____M_{E'...___.. ’ 4.2.17
bl J wiwts)_ o - e

o . | : N v/ .Y a
where w, is the plasma frequéncy W, = m » Ng
is the electronfdensity} s is the ngbfrequency‘of'the

eléctrons in the magnetic field $: ﬁni .+ B is

the magnetlc fleld component along the propagation direc-
tlon, ‘and w is the frequency of the llght from the

"3 p-215 transmtlon" The rotation of the plane of polari-

zation 1s-g1ven by

s

- = (0 -1n2) : 4218
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where %%%. is the rotation in radians/cm of penetration.

- The important quantity is obviously (n,-n_) this in turn

) . e
: - e x 0
depends upon wts, For our work we have W= — = 3.7(

and assumiﬁg B = .5 gauss, s = 8.78x10%. Using formula
4.2.17 we find that the difference between n; and n_ is
on the order of one part in 10'° or (n+ n_} = 10~-!'% and

| Jn. ~ —1.
L. = 6x10

state that any Faraday rotatlon of the plane of polarlza—

| therefore‘ radians/cm. We can therefore
‘tlon of the light from the He atoms is totally and com-
.,pletely 1gnorable. |

Another problem whioh‘sould‘haVe caused a sys?
tematlc error was catsed by soft x-rays from the Van de
_.Graaff tank. These x-rays contributed to the background
cOunt rate for our phototube. However to take'a back-
'gtound count measurement,-weﬂshut off the belt charge
"and therefofe the beam and x-rays. Thus we had been get-
‘ting false (low) background count measurements. This
problem has been solved by shleldlng our phototube w1th
‘lead brlcks SO that essentlally ne x-ray counts are de-
. tected. 5 o

We have taken-paias to eliminate other sources
of systématic error. The detector has always been care-
fully allgned at 90° to the beam dlrectlon with the use
‘of a "square." We have checked our electronic's count-
:ing rates by.féedlng»a simultaneous pulsed.signal to all

systems and observing identical numbers on all scalars,
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We, therefore, conclude that systematic errors
in the polarization measurement have been reduced to
- the extent that they are not significant in comparison

to the random errors present,

4.3 Other Parameters

Since it is our aim to find the llnear polariza-
“tlon fractlon as a functlon of Helium target gas pres-
sure, proton beam energy, and proton beam current, we
must both measure (and estimate the error in our measure-
ments of) these parameters. |

' We measure the Helium target gas pressure with an
instrument which,- according to the.manufacturers specifi-
cations is-capable'of‘five digit aceuraeyf This MKS -
Barrat;on-capacitance.manometer will not in of itself‘
_be a source of error. We cquld, hewever, have-a pres-
sure error if thete is “significant" outgassing in the
piping which cpnheets the target chamber to'the'pressﬁre
“head. See figure 7. This plplng lu prlmarlly 1/4" 0, D
. copper tube soft soldered to brass and/or stainless
- Steel flttlngs.- In our observations of the behavior of
this sectlon of the vacuum system, we are able to state
that under varlous valve closed condltlons, the pressure
 1nd1cators avallable have not shown excessive outga551ng.

Another pOSSlble source of error in the pressure
measurement system is the fact that the pressure measure-

ment port_of'the target chamber is located m2.5 cm
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upstream" of the observatlon window, see flgure 6. We
must then ask whether or not the He gas is undergoing
_Lamlnar flow and exhlbltlng a relatively large pressure
gradient in the target chamber, or whether the He is

~ Streaming through the chamber with little pressure
- gradiehtr The latter case is of course the desirable
sitﬁation. We can decide between cases by deing'a simple
Vmean free path calc¢ulation. Welhave for the mean frece

path £, Young (1964) . . .

L= yfo' -t P
where k is the Boltzman constant‘k=;.38x10'25J/°k, T is
the temperature,,estimated 300°k; mr? is the geometrical
cross section estimated as 3x1072° Squarehmeters; and P
is the pressure in N/m?, We then have . . .

7 ! 4.3.2

L= ov 5 |
The largest pressure at which we work‘is 1.5x107% torr =
1'5x10_3mm of Hg= 2 N/mzr Therefore, the mean free path‘
.for our hlghest pressure is 2—.47m—47cm. We then con-
clude that the Helium gas is streamlng through our cham-
Eber and ‘that no 51gn1f1cant pressure gradlent exlsts.

Therefore, the fact that our pressure measuring port is

.upstream of ‘the observatlon w1ndow w111 cause no signifi-

cant pressure error,
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Our next concern is whether or not the proton
beam energy at the target chamber is the same as at the
accelerator. We have previously discussed, in
section'2.2, the accuracy of the-beam enerqgy readout of
the.Vah de Graaff accelerator system. OQur eetimate of -
the accuracy of that readout was "8 keV. We must also,
‘however, ask whether or not.the proton:beam'enerqy is.
_effected by the presence of the target gas, or "back-
ground" gases in the beam tube. We can use the
‘stopplng power data complled by Alllson (1953) to cal-
culate dE/dZ, i,e. the proton beam energy loss/cm., In
the energy’ range of 100 to 500 keV, the greatest stopping
. power of ‘Helium for protons [oecurrlnglat 100 kev) is
7.3x1071° evxcmz/etom.h We can easily calculate the num-

ber of atoms/cmé from the ideal gas law . . .
PV = nKT ‘ T 4,3.3

" where P=1.5x10"%mm of Hg=22'dynes/cm3, XK is the Boltzman
constant 1.38x107!'® erg/°K; and T is estimated room’
tem?erature 300°K. Therefore, the number density of He

:atbmS'in Our target chamber is .3.; ;i - 'yftx/or ahm/mn

Multlplylng the stopping power by the number den31ty, we
-arrive at the energy loss/cm = 35:.:10"2 ev/cm. .Thus the

beam energg lost to the target gas is completely negli-‘
‘gible. Since the "background" gas pressure is 10?2 less.
than the target pressure, we can estimate an Energy loss

to "background" gas of ,0035 ev/cm, agaln totally
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negligible, We; therefore, conclude—that.the systematic
error in the beam energy is not 31gn1f1cant when com-
bared to the mB kev 1nstrumental uncertalnty

The next important parameter'is the proton beem
_current, whlch is detected within our Faraday cup {dis~
cussed in sectlon 2.3).  We have avomded the common
7secondary electron loss problem in the cup in two ways;
the proton beam impacts on Vycor glas= .ather than on
.metal thus produc1ng fewer secondarles- and we have
lengthened’ our cup and provided a small entrance aper-
,furelsuch_that secondary electrons eould only escape
through'a*very small solid angle. Con51der1ng other
_factors such as 1eakage through insulators, etc., we
‘estlmate an overell accuracy of 5 percent on the collec-
'tion of beameCurrentrby eur Faraday cup.

. The .readout of therproton beam curfent measure-
ment is then taken.tWD ways for two purposes.  The
}Kelthly mlcroammeter neter readout is used to tune the
Van de Graaff and to provide a number for the comgariseﬁ-
of the llnear polarlzatlon fractlon w1th beam curreht.
We estlmate an instrumental accuracy of 2 percent,

4 However, in practice, the beam current is a very un-
stable quantlty. If for example the Van de Graaff has
been-tuned to give a ~l0paA H* beam in the left port, the
mlcroammeter w111 show short term fluctuatlons in the
worst case of from a9 to ~11luA. The reported beam cur-

Trent of %louA is the observers best estimate of the tlme
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averaged beam current, uncertainty v5 percent. This

problem is further compllcated by drlfts in the Vvan de

Graaff's output current. During the course of a run

{45 minutes) the beam current may change, 2. g. from'miD.
to leuA We will, therefore, state an overall average
beam current uncertainty, for any run of 15 percent

The second type of beam- current readout is taken’
from one of our scalars and used to normalize llght in-
ten51ty to beam current. This scalar readout is in
arbitraryinnits‘since‘an.absolute number is not required,
see Eg. 4.1.3. our mein'concern here is repeatability,
i.e. a given number of protons impacting on the Vycor
end window of the Faraday cup should produce the same-
number on the normalizatiOniscaiar. We have no direct
way of confirming this repeatability; however, our ob-

servations of the performance of thls equipment has en-

_abled us to conclude that S0 long as the Keithly micro-
‘ammeter and other electronics have been warmed up for
~~5 hours prior to a run, the repeatability'will'be ‘quite

good., Once the electronlcs nave warmed up, the random

errors. on ‘the normalizatlon scalar far outweigh any re-

mainlng systematlc error.

4.4 Data Manipulation

‘From the time data is first collected and written
1n our lab notebook until tne time a "final" 7 is re-

ported,‘much computer manipulation occurs. We must
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- analyze each and everyrrun.érior to joining'the:results
.of‘that-rﬁn to previous results (to guard against major
systeﬁatic_systeﬁ error).r-we ﬁust maiﬁtain a sebarate
.file for every target gas pressure, proton beam Energy,
proton beam current, and detector'erientation (to en-
able us_to'separately analyze 7 as a function of eaeh of
those parameters). Table 10 shows the number‘of (20
polarization neasurements) runs taken at.eaeh beam en-
ergy and target gas pressure for both N and R detector
7_orrestatiees and for normal and low beanm currehtS} a
'total of 116 runs. Due to the large amounts of data in-
volved, we have established a system whereby all of the
data and calculated m's are stored in'the Universityrof*
New Hampshire's computer (call 360'system). |
All the data taken for one run (Table 4) wiil,
be entered into the computer memory,‘as a prdgram, using
rthe data statement. ‘Table 11 shows the section of a
data program relevant to the data of Table 4. All of our
data is hand typed into the computer memory and onto
punched paper tape. We have used.a consistent namlng-
system for these data programs. They are labeled as |
DATAXXYY, where XX is a pair of numbers representlng the
month, and YY is a pair of numbers representlng the day
0of the month. Any data program will 1nclude all the
'.runs done durlng one day. These data programs contaln
‘nothlng but data statements and are useless unless merged

w1th an operatlonal proqram.



. TABLE 10 .

'NUMBER OF RUNS AT VARIOUS PARAMETERS

Helium Target Gas Pressure (m torr)

or o5 2 s Lo 1.5
‘160 N S | 2w
150 | 5N,3R  2N,3R © ° 4N,3R 2R 2R 2R
200 | | | ' 4N, 2R |
ot '250’ | | b | 4N, 2R
Energy | , o . - :
(keV) 300 .4N'3R ) _5N,2R ‘1H,6L,7N,3R 2N,1R ' 2N,IR lN,lR'
| 356_ | . an,2m |
00 | o 4N, 2R
450 IN,3R BT | 4N,3R 1N, 2R 1N,2R 2R

where N = Normal, R = Rotated, L = Low Current, H = High Current

98



TASLE 11

DATE PROZTAN

DATAB4 ) 4 9:36 AUGUST 27, 1973

190
11
120
130
148
150
160
170

186

190
200

REM DATAM4l4. ‘

REM ENERGY,PRESSURE, CURRENT , 4,20, RBACKGROUNDS

DATA 300,.2,11 o5)4)25:“9;8;35:8:5-2:9:517; 14 .

REM DATA. .+« COUNTS VERT, NORM, HOR 17, NORM,VERT NORM. « + ETC

DnTa.&99,1467,818,15@2,9ﬂ2,:523,815,1533,863,1533,n52,2539
DATA ?82314H6;838;!52&;792;!53[;795;15463899a]538;?78,1553
DATA ﬁﬁg;1558,78@,|553.8u7,143n,795,1514,894,1559,784,1565
baTaA aaa,1569,784,:sae,alg,lsaq,sne.1547,824,1559,973,1533
DATA 999;156a;793;1567;885;1633,883;1638:952;163a;838,!557
DATA 9@6,1587,878,16nm,871,16&4,883,1595,892,16n¢,squ>36??

DATA 936;L686;927;1599a86la1421:888:la&a_

preT .



BB

The first operatipnal program used in NEWPOL
{appendix C.2). AItsﬂfunction is, when‘mergéd with
DATAXXYY; to separately and sequentially:analyze each
" run; to calcuiate all 20 n's for:each ruﬁ; to calculate
- a mean 7 and the standard deviation and error; and to
.pfiht‘for eéch run the raw data and fhe caléulated re-r
sults. See again Table 5_

In order to combine runs, their individual results
have to be cumulatively stored. We have a series of pro-
gram§ which will ahalyze the runs wiﬁhin.DATAXXYY and,
insteag of'printing the resuits, add to storage-files the
20_n's'from eacb_run according £o target‘gas:pressure,

- beam erergy, and detector normalization,. These programs
are labeled PUTPOL, PUTPOLR, anleUTPOL? (appendicies
C.5,6 and 7); The'files into which the results are placed
Were.éféatéd from the keybbara by uéer commands and ini-
tiélized{b§'using PUT (appenrdix C,S}.' PUTPOL is'merged
With‘detectoflm data with.Normal beaﬁ cufreﬁts. It will
'dnly énaly;e an&,file .2 m torr runs at energies from-
100 to_450 kev (by SO'ReV steps). These files afe'la_
.”béled-?xxxiwhere XXX is the beam ehergy‘ih kev, PUTPOLR_
.resembies PUTPOL except that it is used on detector R
" runs and the files are labeled PXXXR. Finally PUTPOLP
is used for_glijbeam enérgiés and target gas éressures
‘excepting .ifm torr. This program was put into use
h afté: we had concluded that oufkexéerimentél result was

ihdependent_df detector orientation, therefore, the



output files were labeled only by beam energy and target
gas pressure - We selectlvely analyze and flle only
“normal beam current ‘data with PUTPOLP. The output flles
are labeled T150PYY, T300PYY, and T450PYY; or TXXX where
YY represents the Hellum target gas pressure:
. 01=.01 mmtorr, 05=,05 mmtorr, 2=.2 mtorr, 6= .6 mtorr,
1 = 1 mtorr, and 15 = 1.5 mtorr; and XXX represents beam
energy formldd, 200, 250, 350, and 400 keV where only .2
mtorr data was taken. See agaln, Table 1o, Low beam
current. (%luA ) data were analyzed and filed using
- PUTPTEST (appendix C.9). The files were labeled T300LYY,
-wﬁere YYris defined as above.

| These files are all'structured alike asja one
dlmen51onal array of the form m, l,ﬂ;,ﬂz,ﬂg,... where m -
the total number of T's (an) Thls form was chosen 80
that we mlght use IBM's statlstlcal ana1y51s program
1STATPACK Generally, we used our own programs 51nce our
files contalned too- many entrles for use by STATPACK,

| We, therefore, have over 40 different files rep-
resentlng dlfferent condltlons of detector orlentatlon,
beam current, beamrenergy, aod Helium target gas pres-
sure...Iu order to analyze the cumulative contents of a
. file, we use the program STAT (appendix C. 3) ThlS pro-

~ gram w1ll flnd a mean T for a file as well as a standard

89

dev1atlon, standard error of the mean, etec., see Table 12

' for Typlcal Output.

‘Thus,:we have -the capability of individually
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TARLE 12

OUTPUT OF THE PROGRAM STAT

STAT 9140 . AUGUST 27, 1973

FILE TO BE ANALYZED [S7T340AP@S
149 P'S IN CALCULATION |
ST DV = .0565] 8 PTS DU > 2 SIG  S.E.=

= JBB4TS
(P-SE)= -@.01297  MEAN P = -P.@@E19 (P+SE)= -3,0A342



ana1y21ng runs using NEWPOL or of cumulatively flllng

data by parameter for later analysxs by STAT.
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SECTION V

RESULTS AND CONCLUSIONS

5,1 Summary.ef Results

In thie work we have investigated the linear
polarization fraction of light (X 5016 A) from the
B'P—Z'S transition in Helium as a futctien of proton beam
_energy, He target gas pressure and proton beam currentQ
Because,of the large random'errors inherent in our experi-
'ment, determinations of T were made in groups ef twenty,
i.e. tweﬁtf measurements for each run. Each run of
course was done at soﬁe'partieular:He pressure,‘beaﬁ.eur—
‘rent‘and-eﬁergy; Any number of tune would be taken on a
,particular;eay depending_upon the behavior of the equip—
ment .and apparatus. The_ruﬁ by run results are listed in
~table 13 in chronological order. Table 14 lists the run
by run tesults chronologically within each sectiOnAof
beam'energy and target pressere; in both of these tables
we have reported m 1n percent, rather than as a (de01ma1)
‘fractlon, for the sake of easy readablllty
| Table 15 and figure 16 show our results for 7
‘(ln %) as a functlon of proton bean energy and for con-
stant He pressure and reasonably constant beam current.

The graph (fig. 16) uses the corrected w‘s,' Tables 16,



..H;,
ENERGY
" KEV

199
150
208
253
300 -
. 353
409
457

450
460
35%

309

25%
203
158
180

200
2549
360
- 35p

409

450

450
400
350
308
306
250
200
150
kT-1 8
306
300
300
3ee
300
304
- 300

HE
PRESSURE
MTORR

.23
28
20
L e20
-2@
20
w20
26

20
20
20
20
020
.20
28
«20 .

28
«28
. 29
28
50
.28

«20
.08
«20
20
“20
ke
.20
« 20
20
20
«PS
«20
« 60
1«00
150
2.00

TABLE 13

RESULTZ FOR EACH RUN, CHROW:

H+
CURRENT
HICA0~A

DATALI216
4+5
. Be@l
" B
Beb
_Ba5
945
0.5
9.5

DATAl217

DATAl22
10.8
18.9
12.8
I13.5
12.0
11.0

DATALI22S
1.0
1@
11.
11.8
11.0
185
1140

8.5
190
. 445
18.5
18.5
1.6
118
11.0
1.0

2,760
1921
14507
“30398
=1.350
-2.350

T =3e418 .

=3.815

-3.477 -

N2 94

' 3142
-1.279
-90883
Heb675
2.624
2.538

1097

'3!785
“2045!
“40“98

“4.,513

'6'421

~5.832
ra.585
~3+304

- =3.989

-2.224
' ~%.901
B.530

1791

?3022]
' -30358
. =1e321

-3-850'

~4.766
~44849

=2.896
’2-19§‘

€+«569
Belys3

‘.80“95
FeSRE

.73
AadB7
Fe672
B+585

@.740
@737

Beball

B.570
Be705
B.766
1.285

@920

B+505
Bed455
@527
ZeH69
B.520

@696

B.886 .

@604
B«569
B.723
A.451)
B.433

- Me374

#.536
A.300
@.699
1e240

G542
"Bl 75
G.302"

@.157

.63157 '



ENERGY
KEV

3aa
450

158

150
200
255

368 .

3s5¢ -
480
450
450
450

150
150
15@
200
250

368

356

400
45@

3eo
309
306
300
158
198
150
150
150

150
150
158
158
150
300
.3@0

Fa

- TARLE 13 COWTINULD

HE °

PRESSURE
- MTORE

20
Y-1:
-20

«20
+20
« 24
28
20
20
20
« @5
6

«60
05
«20
20
«20
«20
20
28
20

.

+ 08
« 68
«@5
“6l
01
. «@5

1.60

1+.50
«a1

1.50
.00
e 60
«BS
el
a1
A5

H+ .

CURRENT
MICRO-A

DATAL226

13.0
100
745 _

DATA1230

745
10.5
11.0
i11.0
11.0
12.6
10.0
16.0
18.0

DATAG1O]
B8e0
8.0
8.8

18.5
11.8
11.0
12.5
185
11.8

DATAG128
1145

1145
16.0

- 10.5
6B
6.0
5.5
S5
Se5

DATAD 122

645
Gl
6l -
6.0
6.0
11.5
11.5

24967
-6-9&8
24507

© BeT759
‘50329‘

~1+578
~3.054
~4.815
-5.210

~G.472

-l 4430
~T.218

2.286
4.766
2.462
@.520

'-GiISJ_

“10331
-2-836
- 142

“50237

-3.619
‘2-785

1-493‘

"Be614
-B.606

S5.387
—3.884.'

“F+519

-~2.088

~0.838

B.8E0

- A.937.
le952

B.857
1.058

.=le439

SeEs

OF

MEAN

2+.693
Bed63

- B.649

@523
Q685

‘Feb12

Bedl30

'@cﬁEﬁA

B.679
BelSy

1548
_9.2&6

2228

B.918
@372

%.578
G+550
0.564
84557
B+587
#.763

@.278

Geug6
1886
1e4692
1.959
14934
Bel4s

9.137

2.534

d.246

130
 B.275

G«846
1.568
11692

ﬂ.9lt_



TABLE 13 COUTIVURD

- H+ CHE - - - ,wH+l'h ] o S.E.

ENERGY PRESSURE ' CURRENT IN QF
KEv MTORR MICRO-A % . MEAN
300 - le5@ 11.5 -1.687 Be173
ge - o) 115 24373 14340

Lo DATAG124
459 Y} | 12.8 ~@.722 - 1.819
450 . +85 17.8 ~@ g3 I
450 . .68 - 1t.o . =B+274 . ¢.333
45¢ . l.08 11.0 ~t.B61  @.310
45¢ 158 7 1l.0 -~2.4051 G.229
45¢° ' 31 11.9 =2:336 o ediny
450 : w85 10.0 =1.158 ' 1.249
450 l.io T 18.8 . =3.168 B.631
450 150 1.8 =4.2324 A.152 .
450 01 12.8 -2:661 14183
450 ‘ 0_35 } 11.0 =3.547 PBa623
| : DATAO220 :
308 S eB) 12.5 3.270 3.743
368 . g5 ' 13.¢ . @158 leSF2
3ee v 68 ' l4.0 -3.163 G227
360 BT} ] - ta.o . 24700 3462
300 | 95 1376 ~1.673 . 1.281
_ | DATAG4 L4 o
ga - @5 11.0 -2.381 1455

- 380 Y - ' 12.0 2.213 24585
3¢9 “e1- - 1845 ~1.818 . 2.283
300 . «B5 "~ 1leg ~B+571 ~ 1a345
150 : <385 - . 6eS @643 leB4}
159 w85 . 645 =B+685 . 2,194
1‘53 28 . ’ 6+5 - 1+308 ) B«862
150 ' 13! . 6.5 44906 © 34769
150 21 ‘ 645 ~@.239 3e161

, DATAD41S L
4se - lepo 11.5 =6.377 = .g.172
450 SRR : l1l.0 -7.363 Be265
450 -05 o 1.e =2.289 24189
4sp - coeBl T 12,8 c2.676 2.646
. DATABS]3 - :
300 ledd =~ 1.0 =le112 - g.228
DATAB519

Ise . - L@l 445, ~6.200 - 3.52g



H+ . HE T T He .. S.E.

ENERGY . PRESSURE CURRENT i I ) ov
KEv -~ MNTORR MICFO=-A 4 MEAN
153 ) 21 . 445 ’ Q4657 24725
150 . 01 : 445 -~3.759 24625
320 « 20 o 1.03 =3.766 24775
3ca : « 20 1.9 : -44333 20@99
380 20 ‘ : 1.0 " =5.940 1.712

DATACR2] :
300 «20 1.0 =Ga904 2.696
359 ) .20 . 1eB . ~-5.3386 24346
300 .20 _ 1.0 =2.316 2.G74

16 DATA PROGRAMS 117 DATA RUNS



REZULTS #OR EACH RUN, BY

FROM
DATA
PROG

. T

DATAIZI6
DaTa1217

DATAGL2G

DATABLRG
LLTAGle2

paTagala

DoTagat 4
DLTAGS)9
JATABS)O
DATARS519

COHTAGLGE

BATAGL2G
DATAGLER
DATAGALA
D4TAG4 L4

DATALI216

156

. 150

DATALI217

DATAI225

‘DATAL226

BiaTAal238

DAETAGL A1
DATABAL4

DATAGLG]

157

DATARI22

DATAG120
DATA@122

DeTAGL20

DATAGl22

DATAL216

DATAL217

150
15¢

290

DATAl224

150

TARLE

W

CURRENT
MICRO-A

KEV BEAl]
. . 5
5.0
KEV BEAN
6l
5.5
640
645

KEV

[y}

‘cn&cnmlnm;agA

cCUuamS@

& & & + & & »

KEV BEAM

KEV BEAM
5.5
6.

KEV BEAM

5.5

6.5

KEV BEAM
Stﬂ
7.5

_lﬂ-ﬁ

14

1
%

+20
2.760
2.538

.1 KTORP
G696

-20988
B+.857
4.9056

=73.2390

-542008
2667

MTORR

FARRETER

H

HE

“30759-

+35 MTORR
4.766
5387

l.952

B+643
~B+085

+20 MTORR
1.021

.20624

Ie791
2567
B.759
24462

HE

HE

1.308

+68 VTORR

286

#.937

1.G3 MTORR

-6-884
PNeBBA

156 MTOKR

~He+310

“@bsag

+28 MTORR
1.587

HE
HE
HE

HE

8.675

1.097

S.E.
oF

- MEAM

. P«569

B.530

1.959
2.534

1.568
3.769
3.161.

- 3.524

2.725
2.625

3.918,
1.934
D846
1.841}
2-194

B.443
1.2015
Be536
FeHa9

"Be523

Pe372
2.862

B.228 .
#.275

Belag

Vﬂ-|3ﬂ

G137

Be246

6.405
Be766
@.585



 FROM
DATA
PROG

. DaTAl225
DATAL230

TABLE 14 CONTINUED

He

CURRENT
MICRO=A

" 11.0

DATABIGI

. DATALI216
DATAL217
DaTAl 224

DATAL225

DATA123¢@
DATAA 121

DATAZ 120
DATAB122

DATAG122

DATAG220.

DATAGZ29
DATAG4l 4

250 KEW

- 3009 KEV

1.5
leS

BEAM
g5

65
1.0

105

il.o
1l1.8

BEAM
18.5

11.5
11.5

1245
la.e

120

DATAG4 14

. DATA1225

300 KEW BEAM

C DATABIZ2G

DATAagt282

DATAB220

DATAP226
DATAP414

DATAG414

DATA1216
DATAL217
DATA 224
- DATAl225
DATA1225
- 'DATA1225
- DATAl225

DATAL1225

DATA1I226
'DATA1230
DATAGL B 1

DATAG4I4

- DATAGS519

18.5

1@.5,
18.0
11.5

13,9

13.08

‘ l '.' ﬂ

ll{@

390 KEV BEAM

BeS
8.0

- 120

11.0
1t.0

19,0

445

185

18

11.9

1t.0

DATAB519
DATAB519’

- 115

1.0
1.4
1.0

IN
%

B+539
-0e320

B.520

«20 MTORR
-0.308
=3 e8B83
~P+785
 =3.991
-1.578
-3.153

+8]1 MTORR
Beb14

1.858

‘2&373
3.270
2,700
2.213

HE

HE

'108!8'

+25 MTORR

-].321

1.493
=]1e439

B2.§158
=1673
-2.+381
fﬁ!S?l

«20 MTORR
=1.4359
~1.279
"2-4517

-3-969
'2022&
~3.221
.“30358
“3pBSG

. 24967
. »3e60154
~1.331
=-2.18@
“317@6

. ?4-333
. =5.940

HE

HE

'SnE.

OF
MEAN

F3.374

Q.6E5
A+578

g.5802

60795‘
‘Be455

el 3D

B.612

B«550

1,692

1.692

| .348.

3.748
J462

'2.585

2.283

1.240
1.286
G.911
1.582
1.881
1.455
1.345

2.730

" B.570
BJ527
G723

G.ASI

B.300

1699

B.542
B+693

B.439
G564
B.669
2.075
2,009
1.712

[yl
[Ay]



. FRON
DATA

PROG .

DATARE2 |

DATANG2]

DATABE2]

DATA1225

DATAR1206

DATAB220

DATAL225
DATABL 20

DATABSY3

DATA1225
DATAG122

DATAI216

DaTAl217

- DATAL2R24

DATAL225
DATAL1230
DATABL1O]

DATAl2]6 -

DATAI217
DATA]224
DATA1225

300

309

360

3508

408

'DATA1230

DATAD 1G]

DATAG124
DATAG 124
DATA@ 124

450

DATAB41S

"DATAB124

o L 458
- DaTAl236 -
DATAB124

'DATABL24

DATARA1S

TABLE 14 CONTIWUED -

H+
CURRENT
'MICRO-A

~lep
1.0
e

KEV BEAM
11.0
1145
14.9

KEV BEAM
11 .0
i11.5
At

KEV BEAM

i1.0
1.5

KEV BEAM
9.5
9.5
165
Nive
11.6 .
12.5

KEV BEAM

9.5 .
.95
2.0
18.0
2.0
18.5

KEV BEAM
12.8

110

;4263.
1240

KEV BEAM
18.0
10.6

110
1.6

IN
%

~f«904
~5.336
-2.316

+6@ MTORR

~-4.766
' «2.785
~3.1603

1488 MTTRR

-4+ (49
“3.619

T wlell?

1+56 MTORR
| -2.896

- =168B7

«20 NMTOHR
a ?2035@
“3.142
‘4-498

HE

HE

HE

HE

T =3.324

‘4-815

' -2+836 .

« 28 MTORR
-3.418
-2+194
-4.513

-4 +585
'-5021ﬂ'
“doll42

21 MTORR
B 722
-2.336
=2 e 6H6Y
‘2.676

«B5 MTORR
~4+430
-5«B83
~1.158

-3+547 .

HE

HE

HE = '
1.548
- B.770

1.649.

‘2-289 ]

S+Es

OF
MEAN

2,696

2346 -

2.074

Bel175
@486
@227

Ae302

@.278

0.228

8.157
B+175

2.407
P64l
Be669
P.569
@.520
Be557

" B.678

B.737
F.529
A.604

Bs6T79

B+587

1.819

1.4B4
'19153
2,646

A.603

2.189



FROM
DATA
PROG

DATA1216
DATA1217
baATAI224

- DATA1Z225

DATA1226
DATAY230
DATAG141

DATA1230
DATAG 124
DATAZ41S

DATAGL24
DATARLZ24
DATA@dlS

.DATABI 24
DATAG1 24

TABLE 14 CoOUDINUED

H+
CURPENT

MICRO-A

453 KEV BEAM

9.5
9.5
11.8
1le0

- 18.0
132

llfﬂ

450 KEV BEAM

1G.0
111&

1l1ed

450 -KEV BEAM

11.0
18.8
1145

458 KEV BEAM

11.0
16.0

+28 MTSRR

=3+8])5
.-3-ﬂ77
=642
-5-832

-6+943. .

-6.472
-54237

_+63 MTORR
~7.218
G274
'7-363

1.3 MT.RR
' “1.261
~34168
6377

1458 MTORR

-2-45r

“4-224

HE

HE

HE

HE

S.E.
OF
MEAN

Be535

D740 .

P.696

B.8BHBO6

@463
Be454
84763

8.245
#.333
9285

Be310

Pe431

B.172

229
Bel52

[

ca



TABLE 15
#* Vs BEAM ENERGY

aAv.

BEAM  BEAM | | #.O.F. N | N 1 FOR % CORREC;I‘ED
- ENERGY CURRENT # OF - MEASUREMENTS om S.E. : o FOR

(kev) WA RUNS . OF T IN'® ' OF MEAN OF 7 CASCADE AND TRAPPING

100 - 2 40 ‘A- 2,65 53 . 590

150 7 7. 140 1 . 2.0

200° 9.6 6 . 120 67 23 m

250 - 9.6 6 120 - .78 24 - s

300 10.5 10 200 -2.46 .2 . -2.60

350 0.3 6 120 -3.49 .25 - -3.69

400 1.6 s 120 -4.00 .27 | 423

150 10.3 7 i -5.46 .21 . -5.76

Helium target gas pressure = .2 mtorr

10T



102

POLARIZATION Vs PROTON BEAM ENERGY
- (HELIUM TARGET GAS PRESSURE=.2mlorr)

O

-_o-.'q-.'..

-+"2-- X }

o N ~ Profon
_, %© . . 300 . 400 Beam

(keV)

“Polarization Fraction. '77" (%)
o

. ¥ this work
- X Scharmann (1967)
‘D Scharmann(1969) "

FIGURE 16

200 " Energy
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‘17, 18 and figure 17 shoW'our results for ﬁ (in %) as

a functlon of He gas pressure at constant beam currents
and at bean energles of 150, 300, and 450 keV'respec~_:fi
_utively. The graph (flg. 17) uses the corrected 7's..
‘Table 19 shows our results for m (1n %) .as a functlon of

%

beam current at 300 kev and .2 mtorr He pressure.

5.2 Discussion of Results

Let us first note from table 19 that a t-test of
'thegsignificance of the difference of the mean 7's for
.tﬁe normal and lew beamrcurrent“runs shows no significant
dafference. In other words the polarlzatlon is not a
functlon of beam current. As can be seen from the table,
- thls comparlson was made at 300 keV beam energy and

.2 mtorr He pressure. We chose to do the comparlson at
these values ‘in order to obtaln good statlstlcs. The
-beamn current was lowered by a factor'of ten in order to
make the comparison. 'The Van de Graaff accelerator is
not capable of sustalned runs at hlgher currents, nor is
: the Faraday cup capable of absorblng hlgher current runs,
therefore we were not able to{compare-our normal current
run with other than just the one 19.5uA run of
: December.ZS, 1972. A t—test between the normal and hlgh
current runs also 1mplles no 51gn1flcant dlfference ln
‘means. However we must reallze that there was only one

: lﬁuA H+ run and we should be leery of thlS 51ngle result.



TABLE 16

T Vs HELIUM PRESSURE

Proton beam energy =

e ngﬁ' . 4 OF o __  R : m FOR $ CORRECTED
"PRESSURE - CURRENT - # OF  MEASUREMENTS 7 = . 'S.E. - - FOR

mtorr pA _RUNS ' OF TT‘ ~ IN % - OF MEAN OF 1 CASCADE AND TP‘;.F‘_XPPINGV
.01 5.5 8 160 - .92 1. .97

'~ .05 6.6 5 100 2,53 ._75' - 2.67
.2 7.1 7. 140 11 21 2.0a
.6 7. 2 40. e . e

1.0 5.8 2 0 .36 a2 | .39

1.5 6. 2 40 - .68 24 - .74

150 kev

POt



 AV.

TABLEil?

T Vs HELIUM PRESSURE

He = BEaM L + OF | o B Foﬁ % CORRECTED
" PRESSURE = CURRENT # OF . MEASUREMENTS o S.E. - _ o FOR s
- mtorr “ul RUNS OF n “IN % °~ OF MEAN OF LI CASCADE AND T-RAPPING
.01 11.8° 7 ‘140 .81 .96 .sqj
.05 11.4 7 140 - 82 a8 ~ .86
.2 | 10.5 10 200 -2.46 2 -2.6
.6 12,2 3 60 _3.53 .22 376
1.0 1.2 3 §oﬁ -2.93 .23 ~3.13
1.5 11.3 2 40 -2.29 .15 -2.46
Proton beam eneréy. = 300 kev

SO0T



. TABLE 18
T Vs HELIUM PRESSURE
Av. o :

He BEAM _ # OF g T IN % CORRECTED
PRESSURE . . CURRENT # OF  MEASUREMENTS r - 8.E. | FOR . |
mtorr UA " RUNS OF 7 IN % CASCADE AND TRAPPING

.01 11.8 4 80 -2.1 .92 -2.19

.05 10.4 5 100 -2.3 .62 -2.41

.2 0 10.3 7 140 -5.46 .27 ~5.76

.6 10.7 3 60 -4.95 .46 -5.29

1.0 10.8 3 60 -3.54 .34 -3.79

1.5 10.5 2 40 -3.31 . .2 -3.55%
450 keV

Proton beam energy =

90T
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POLARIZATION Vs HELIUM PRESSURE

Y ‘ —— He

8 2. =816  Pressure

. - mtorr
-3

»-ln'_‘

0:300 keV a=450 keV

—T —— T Lt He

an

mtorr »

HpriZontal axis.expanded for lower graph

'FIGURE 17

Pressure. -



TABLE 19

T Vs BEAM CURRENT

AV. . ) R . i
BFAM  ~ - # OF _ . ‘m IN % CORRECTED .
CURRENT = # OF MEASUREMENTS 7 . S.E. :  FOR :

pA RUNS ~ OF T INS CASCADE AND TRAPPING
19.0 1 20 . -3.22 .3 =3.4
10.5 10 200 ~2.46 .2 -2.6

1.0 6 120 3,77 .88 -3.98

t-test Comparisons
. Low Vs. Normal t = 1.80 v = 318
High Vvs. Normal - "t =1.,53 V= 218

80T



In any case ﬁe hare shown that the polarization of the
"1ight frOmitheKBIP—zls transition in proton beam excited
- He 1s lndependent of beam current {over the range Nl
‘to ~20ua H+) ‘We are now able to compare measurements
of " made at. dlfferent beam energles and unav01dable dif-
ferent beam currents. The acceleratcr is most efficient
at 300 keV, anad less efflcz.ent at 150 and 450 keV. "We
were therefore unable to run at the Optlmum of n10pA for
all beam energies,;  The accelerator maxlmum currents are
shown in table 20, Ten micro ampereewes choeen as an
optlmum for several reasons; 51gnal to noise ratlos were
better Wlth thls ‘high. current; . and the Faraday cup -
,.could tolerate thlS current for sustalned periods of time,
‘When p0551b1e we ran at mlOuA H+, otherw1se {at 100, and
150 keV) we ran with as much current as we could get.
We may now compare polarization measuremente made

at dlfferent beam currents havrng shown that the. data
taken at these different beam currents are compatlble.-

The energy dependent results have been shown 1n table 15

- . and 1n flgure 16 (Corrected=w.Vs Beam-Energy) The large

error ‘on the 100 kev pOlnt 15 due to the fact that we

- were only able to get two runs at ~that energy and pres—

sure. The Van de Graaff accelerator, upon the 1nstalla-
tlon of a new (and sllghtly larger) exit canal- at the
source bottle, ceased to operate at 100 kev, It was
_'deemed 1mpract1cal to attempt modlflcatlon of the ac-

celerator in order terefine,measurements of.that,one
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TABLE 20
. APPROXIMATE BEAM CURRENT MAXIMUMS

BEAM ' BEAM
. ENERGY | - CURRENT
keVv ‘ : H=A

100 | 5
'iso “ o o 8.s
200 1

250 . 13

300 20
350 1 o 15
400 | o 13

450 - 12



point. The points in figure 16 generally form a smooth
gently curv1ng llne w1th the exceptlon of the 400 keV

. pornt. Theoretlcal predlctlons (Appendlx B Table B2)
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from the work of Bell (1361) are, except for the dlstor-

tion.apprdximation at 178 keV, in very poor agreement

with our results., Previous experimental work however is

in good agreement with ours. -We have abstracted the re-

sults of Scharmann (1967), and. Scharmann (1869), from

their graphlcal presentatlons (nelther of these works
elther tabularlzed their results or 1ncluded error bars)

. and reported the estimates in’ table 21 along w1th the

tabularized results of Van den Bos (1968). In the small

‘regidnldf overlap flOO—lSO keV) we find oursélves in h

e—.much better agreement with-Scharmenn (eepecielly con?
rsidering the curve sﬁepes.which we haVe not shown). |

Van den Bos' polarization measurements were done using a

monochrometex. to select the A 5016 A line and he may not

-have completely corrected for the_polariZing influence
~of‘the menochrometer. He-alsonmay-have not taken care
with regar@ to He pressure. He implies that he used
:2 mtorr_but does nctlexpiicitly say.se.‘.

All other prev1ous experimental work on the

polarlzatlon of the A 5016 A line has been done at pres—

sures > .2 mtorr. ThlS work is the flrst to extend thatf

measurement. to lower pressures, see summary 1n table 22,
It has been dlfflcult to do so 51nce the SLgnal to noise

‘ratios fall off rapidly as one lowers.rhe He target gas



TABLE 21
COMPARISON WITH OTHER EXPERIMENTS

VAN DEN'BOS - SCHARMANN  SCHARMANN

BEAM : .
- ENERGY '~ ' THIS WORK NO ‘PRESSURE (1967) (1969) = THEORY~BELL
- (kev) +2 mtorr STATED .2 mtorr ‘ .2 mtorr DISTORTION
100 2.9 % SR 2.5 % 7 5.5 % 14 %
150: 2.04 % 4. % :
- (178 keV) 2.6%
200 c71 % - |
250 - .83 % -2 %
1300 -2.6 % -
(316 keV) 13%
350 -3.69 % h
400 -4.23 % | o | ~5.5 %
450 -5.76 & N -8. % -22 - %

21T
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.
TABLE 22
. CQRRECTED'W V;PREséURE
pREséURﬁ‘ 150 i 360‘_ : 450.

mtorr ‘keV BEAM ke_v, BEAM keV BEAM
.01 - Lo7si. 84,96 _2.19+.92

.05 : 2.67t .75 5T.85£.4a -2.41%.62
.é, 2.04% .27 -2.6 .2 ~5.76+,27
6 665 .8 -3.761.22 -5.29%.46
1.0 L39% .12 -3.13+.23 _3.79¢.34
-2.46%.15 -3.55:.2

- .74% .14
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.preSSure}‘_We:consider_our .05 mtorr measurements as suc-
“oesSful,Ltut‘have lesslfaithnin our .01 mtorr results.
‘There'is sinply very little light reacning our deteotor
from theatarget chamber when.the pressure is .01l mtorr.
ﬁe are thereforeunot surgrised to find the .0l mtorr
points-in frgurégl?%to~ss"of questionable value; ‘The_
.05 mtorr.and higher pressure points-do lie on‘relatiVely
- smootnrsensible curves and in fact a similar curve shape
was reported by ‘Scharmann (1969) .He graphically dis-
played results for T as a function of pressure ‘over the
"range .2 mtorr to A8. mtorr "(for beam energles of 100,
450, 600, and 835.keV).‘,Each.of his ourves shows a
minimum (a most negative ﬂ),.and.as energy increases,'tﬁe
 ninimum occurs at a lower pressure. We have observed_the
same'phenomena‘for_our 300 and 450 kevjcurves. Our o
l50'kev curve does not,show a minimun, howeuer from
Scharmann's curves, we would expect the 150 keV. mlnlnum a
to occur at m2 mtorr, a pressure whlch we do not reach,
.Scharmann s results alSO'showed_the polarlzatlon_(at.

100 Kevlbeah energy) changing sign'aS'the pressure
changed. . (Also for the 4'P-2'S line at 100 keV.) Our
results show a change in the sign of n,(for.lso keV beam)
at mllz mtorr,.and.imply (at1300_kev) a change in sign at
~,015 mtorr. Scharmann does take notice ofnthis-changel

in sign of w,”hoWever he offers no explanation and in

,_fact states that he has no explanatlon for thlS phe-

E nomena.‘ We. dlscuss thlS problem in Appendlx D.



This work is limited in a numberlof ways. The
lowest pressure we:arerable'to accerarely-measure is
-:Oilmrcrr,_Wewould have liked tc’heve used lower pres-
sures. 'Herver we could just barely ger‘dera at "
Qoi mtcrr-as'sc 1itt1e light was received by our detecv
tor.: We are elsc.limited by the heat dissipation ca-
pebilitfrof:oﬁr:Faraday cup, ourcSignal/Noise ratio
Acould_have.beeh'rmproved by using higher beam currents.
(At some energies. the‘beam current is limited by the = -

Van de Graaff accelerator rather than the Faraday cup.)
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Improvements in thlS work could be made by . . .

l. Obtain a new pressure measurlng system
:capable of accurately measurlng pressures
to 10~% or 10~ * mtorr.

2. .Rebulld-the Van de Graaff-beaﬁ tube vacuum
| system so that one could have a dlfferen-
tially pumped target chamber at 107*% ox 107

mtorr while the beam tube was held at 107°

‘mtorr.' (Now the beam tube is generally held

_ ‘at 1073 mtorr. )
3. Rebulld the target chamber electrostatlc
»‘ focu51ng system and. entrance sllts such that
we get a beam of small crcss section'througﬁ
‘thejaxis of the‘chamber, endlsuch that rhe
_éetectqr can be‘broughr muchlclcser‘to the
' ceem'region of the_chamber.

4. Modify the accelerator as so to be able to
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obtain much higher beam chrrehts,especialiy
at loﬁ energieé. B | _

5. Devise a way to cool the Faraday cup while.
still keeping if electrically insulated.

6. - Use. the PDPfB_of equiVaient‘tc automaet the
data taking. | |

7. .Shield theetarget chamber with mu metal so-asr
~to determine whether =7 is in fact effected by

stray magnetic fields. Note r should not be

so effected

~

5.3 Conclusions

It 1s clear from this work that the polar*zatlon

of the llght from the 31P 2l

S tran51t10n in proton beam
: exclted Helium is Stlll pressure dependent even at'pres-
-sures‘asdlowfas .05.or .01 mtorr. The:results.cf-
‘Scharmanh{ as. far as they,go; bear fhis out. We are

faced with a phenomEne'Which exhibits poor.agreement‘be—d
tween theory and experlment however we conclude that

even we- have not yet reached low enough pressures to flnd
the natural value of'the polarlzatlon It remalns for the
next worker in the field to extend the measurement to yet
hlower pressures‘ln search of a pressure Lndependent_value‘

- for the linear polarization fraction.
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- APPENDIX A
DESCRIPTION AND MEASUREMENT OF POLARIZED LIGHT

A.1 Polarized Radiation

It is well kﬁown that eleétromagnetic radiation
behaves as &'transverée waﬁe.- This means.that the
dlrectlons of both the electronlc and magnetlc field
vectors of the wave are at all times perpendlcular to the
dlrectlon of propagatlon of the wave, as well as perpen-
dicular to each other. Theréfore, iﬁ ogder to ccmplefely
.sﬁecify the nature'of a wave; one must among the many
parametefs, include. those which descrlbe ‘the dlrectlon of
either the electrlc or magnetic fleld vector as a function
of,tlme and position. _Conventlonally, one sPec1f1es the
direction bf.élecﬁriﬁ.fiéld’vector. We will'from'this
point on use the ﬁerm_"light"'in place of "electrémagngtiq
radiation.". Of‘éourse'it‘is uhdéfstbod that light (in-
clpding inffa;e&; visable,.and'ultraviolet) ié‘the néme
.applied‘to-a Vérf small ségtion_of #he electromagnétic
spectrum. Furthermore comments made about-pOlarized
- .light do gsually'apély fo othér electromagnetic radia-

tions, |
nght can be descrlbed as either unpolarlzed or

polarized. Unpolarized llght has no preferred dlrectlon



for its electficrfield vector, nor any pteferred rotaF
irtioa¥o§ its electric field vector about.the propagation‘
-direction.‘ Conversely, polarlzed light does have pre-
ferred dlrectlon and/or rotation for its electric fleld
'vector. ‘As a-matter of convenlence, one can dlscuss
three types of polarized light: 1. linearly_polafized,
. 2. circularly polarized,‘andl3;-elliptically polarized.'

1. Linearly'polarized light. When the electric
field veotOr of a light beam maintains a fixed direction
in‘spaCe; then the beam is called linearly polarised.

' See Fig. A;l. This is by far‘thetsimplest'case.of polari-
zation and in fact'is a type of polarizatioa often‘prodoced
in nature. _

2._ Clrcularly polarlzed Llight. nght is said to
e 01rcularly polarlzed when the magnltude of the electrlc
fleld vector appears constant while the Vector 1tself
rotates about the propagation dlrectlon ,There ase of
course 2 types of c1rcu1arly polarlzed radiation. Ther
;conventlonal dlstlnctlon is that if the locus of the “tlp"
'ol the electrlc field vector descrlbes a rlght handed
hellx (such as the tbread of a typlcal mach;ne_screw);
_then'one‘has aeWave of.positive helicity (in optics
called a left c1rcularly polarlzed Wave) | Conversely,
-rlght c1rcu1arly polarlzed light has the "tip" of 1ts
electrlc fleld vector descrlblng a left handed hellx,
| and possesses negatlve he11c1ty |

3. Elllptlcally'polarlzed light. This is the .
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~ LINEARLY POLARIZED ELECTROMAGNETIC WAVE

FIGURE Al
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emore complicated of the three cases due to the fact toat'
both 11near and c1rcular components are present. To
descrlbe elllptlcally polarlzed radlatlon one must spec1fj
the.handedness and magnitude of the c1rcular1y polarized
comoonent_as-weli'ae the difection.and'magnitude_of the
iiﬁearlyrpolarized'compohent;. Note that the major axis
of,theﬂellipse lies in the'same-direction ae that of the
linearly. polarlzed component. An -alternate equlvalent
 descr1pt1on of elllptlcally polarized light is that 1t

is made up to two 1lnearly polarlzed‘components with .

fdiffering amplitudes.and non-0°, 905,.180° phase-angle

. differences. One must then specify each amplitude as

- well as the phaSe angle difference.'

| For purposee.of descriptionloﬁe‘cao draw seotional'
epatterne for a beam of light. These drawings.fepresent
_the‘electric"field vectores Seenlby'anrobserver,looeted
on the‘z-akis'(aesuming that the_beem ie traveling infthe
';‘42 directioﬁ) and.looking towatd the source of the rédia—
tion. See flg A. 2. We mlght add at thls p01nt that a -
monochromatlc beam has been assumed for the sake of |
81mp11¢1ty. 

A 2 Mathematlcal Descrlptlons of
Polarlzed radlatlon

There are numerous equivalent mathematlcal descr1p~

tlons of monochromatlc waves, e.d.
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- SECTIONAL ~ PATTERNS

FIGURE A2



JE] = (Ban) S (1wt - 2me)
or in coﬁplex notation | '

!E/_ Re [EW e (we- w%)j

12/ = R, [Em,, 7

where |E| is'the magnitude of the electric field vector,

1]

or

I'I.

- w is the 2m times the frequency of the wave, z is the
pdSitionealong the axis of prdpagation,'l is the wave- -
length, and t is the time. The last equation is just an

abbreviated form of the second where

C wse - T
e we - M2

Let us also state that Ee'® is called the complex ampli-

tude, ¢ is called the phase angle (at t and z) and that

2

-the'intensity.of the wave is-pfoportional to (E"x)
The dlrectlon ‘of the electric vector has not yet been
: spec1f1ed Therefore the polarlzatlon of the wave has
not yet been spec1f1ed.

‘At flrst glance one may easily arrange.a system
to descrlbe a 11near1y polarlzed beam by 51mply ch0031ng

the X axis along the direction of the beam' s electric

field vector. Then using the unit veCtor'g
s
E = [qu S (but - 1”*/))]4

:'nr. E f?e [Emnx ¢:{

124
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One can then in turn describe c1rcularly polarized
llght as the addltlon of two components of llnearly polar-

Ti‘lzed 11ght of equal E, directed along the x and y axis

ax’
respectively, with a phase angle difference_of'190°. BQ
.convention,if the difference in phase angles, called ¥y

{y = ay-ox), is +90° the light is left-circularly polar-
ized. Conversely, if v = -90° the ligh£ is rignte
circularly polarized. | |

| When the x and y linearly polarized components
have dlfferent amplitudes, and when —180° <y < 180“'
(er 0), the beamrexhlblts-elliptical polarization. If
7e180° <pY < b° then the handedness 1is right, conversely
the wave is left- elllptlcally polarlzed 1f 6° < vy < 180°

If one con51ders elliptical polarlzatlon to be.
the general case, then linear polarlzatlon results when
Y = 0°, and c1rcular polarlzatlon results when lyl 90°
and‘(Emax):;c =-'(Ema:':)y' |
Strangely, it is very difficult to properly de-

,scrlbe a beam of unpolarlzed 1lght._ One can demand that
no long term preference exist for handedness or lxnearlty.
(Thls precludes a “pure coherent monochromatlc wave )
Perhaps it is best to descrlbe unpolarlzed light in terms
of what it W1ll and will hot do (i. e., and operational
‘deflnltlon). When a beam of unpolarlzed llght is lelded
Ulnto two completely polarlzed components (by an ideal

analyzer) the components will dellver equal power.

In the real worldlight is seldom either completely
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polarized or dnpo;arized. One must in such a case specify
the degree of poleriratioan Thrseis_usuallyheccomplrshed
hy.diridiné the-beamrof light into orthogonal polarization
oomponents (e. g. right and left circular; horizontal and
vertical linear, etc ), measurlng the 1nten51ty of each
of these components, and then calculatlng the degree of

polarization V from

wherexi and Ib are the maximum and mlnlmum-lhten51t1es
of the orthogonally polarlzed components respectlvely
Note that if one is d;scu531ng llnearly polarrzed llght,
v redhces to m the linear polariZation fraction.

A number of dlfferent mathematlcal models are in
" use for the treatment of beams of polarized llght.. These-
. methods range from the geometrlcal methods of the Poincare
'sphere to the matrix calculus of the Stokes vector and
'_Jones vector.
The Poincare Sphere model uses a mapplng technlqhe :
- to. descrlbe the polarlzatlon form of a completely polar- |
ized beam. It is most useful for predlctlng the change
in polarlzatlon form as the beam passes through varlous
4act1ve polar121ng dev1ces (analyzers, retarders, ete. )
In this. mode_, every poznt on. the surface of a unlt sPhere
represents a f‘ffereht.and specxf;c polarization form.
By deflnltion :her"horth "pole'represente'left—circuiariy

'_polarized light;-and the "south" pole_right. Ailrpointsf
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tOn thetequator represent linearly polatized light with
" various inclination angles (to the equator) One loca—‘
-tlon on the equator (the prlme meridian) is glven the
4d881gnatlon H-for linearly polarized light parallel to
the-eqoator. Half way around the sphere (on'the‘equator)
the llght is. llnearly polarized perpendlcular to the
equator, and given the de31gnatlon V. At any location
'away from the poles and ecuator, one has elllptlcally
polarized llght See Fig. A.3. To specify the‘form of
. a completely polarized beam, one need only specify'the
angles k and w (where 2) = longitude and 20 = latltude)
This. is ea51ly done since A is the a31muthal angle of
‘ thejpolarlzatlon ellipse and tan|uw| is the ellipticity
{b/a). See Fig. A.4. Furthermore the handedness is
defined as. left for the northern hemisphere (w<0) and
right for the southero_hemisphe:ej(w>0).
N - When dealinglwith completelp polatiied beamsiand
‘ various retarders one can use thielPoincare-Sphere to
predict the change in the polarization form of the beah.'
This model is llmlted however in that one must be dealing
w1th completely polarlzed beams. _ _

| _ "The Stokes Vector model of polarlzed 11ght is
perhaps the most versmtle and- useful. The Stokes veotot

‘1s a four parameter column vector

m O H
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~ THE POINCARE SPHERE

FIGURE A3
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'ELLIPTICALLY POLARIZED LIGHT
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where all four entries have the units of intensity.

‘Each of these parameters is defined in terms of a
measurement made with a set of ideal polarizing filters.
-‘This set of fouf‘ideal filters have the following proper-
ties. All filtersrhave a trensmittance of .5 for un-
polarized light. Then .-+ Fyo is'a:neutral-iSOtropic
filter-_F2 is a linearly fhorizontallY) poiarizing filter;
Fi lS a linearly (+45°) polarlzlng filter; and F4 is a
‘right~c1rcularly polarlz;ng f;lter. A polarlzatxon form
indebendent deﬁector is‘placed_behind eachhof the filters
in succession and four measuhements are taken. fThe re-
sult of each measurement is multlplled by 1/ 5 .and the
and V

four values Ve V 4 are reported. The stokes

2" 3"
column vector is then calculated as follows

I L
M= v'2 -V
c Vs --':vl :
8 = V4 - Vl.

An alternate and equivalent approach is to use
the parameters from the wave description. of light. One

may then write (note time average < ) .-

1= ((Emn) + ( Emlqa-)y >
M = ( (Emd = (Baa)y) |
o = <z.(E_,,.,),(E,.,,)}} Ce§x> .
S = (2 () 6), S5 1

"It is also conventional to normalize the'Stokee vectors.
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Thisris accomplished by divi&ing all four entries by Irl
«(whlch is- the largest) . The Stokes'vectors are very use-
:_ful in’ that they can be applled to partlally polarlzed
beams, monochromatic as well as polychromatic beams, and’
incoherent'beams. Furthermofe, the Sﬁokes veetor can be
'manlpulated {by Mueller calculus to be discussed later)
S0 as to predlct the behav1or of a beam when pa551ng

* through :etarde:s and polarizers.

The Jones Vector model is applicable to situations
in wﬁichiphe coherence and phase of the beam is impo;tant.
-For a specific location along the propagation directioﬁ
‘(the a axis) the Jones vector is written as a two-element

.golumn vector

or . (Emn) e )

(Enar)y

i

(t‘, S+ co-t} ‘ n

where € and s; are the phases of the x.andy-eompoheats_
at t = 0 There_is a normalized ferm of the Jones vector
'where m2 +.n2 -l. Conversioﬁ of thie.eector to a
:recognizable form is a bit cumbersone and in general use
of the Jones vector is conflned to problems 1n Whlch
phase is 1mportant.'

| Table A.l shows various polarlzatlon forﬁs and

| the correSpondlng Stokes and- Jones vectors.

The,Mueller Calc:'us methodology provides a
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. TABLE A.l
'EXAMPLES OF THE STOKES AND JONES VECTORS

Polarization - Normalized Normalized

Form - SBtokes Vector . . Jones Vector
. I ‘ .
' _ Cos 22 ‘ Cos R
Linear = . Sih 1% - ‘SR
!‘o -
i .
Left Circular °_ \E,
S . ° 1 11
_.’ .
. . : . ! | -a
- Right Circular ) _\E_ _
B 0 2l
!
. -;!h
’ . CDSR e :
e Costw Cost | g
Elliptical § : Sam R e" 1
' - cos TW San 1) M"
o Simiw ' . _ -
, 4
Unpolarized g . none.
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means'for-manipulating the Stokes vectors 5o as to pre-'
dict the behavior of a beam of light as it passes through
any eeries of retarders, and‘or polarizers. The method
-1tself is of a matrlx algebralc nature. For this work

it is suff1c1ent to say that every retarder and or
polarlzer at whatever orientation can be. represented b&
ad x4 Mueller matrlx. To determine the polarlzatlon
form and 1nten51ty of a beam exltlng from an "active”
filter one multiplies-the.Stokes-Vector for‘the incoming
beam by the Mueller matrix of the‘"active" filterf, The
new Stokes vector then describes the exit_beam.' Using
the'methede of.matrik'algebra one can easily predict the
result of any cbmbination‘ef "active" filters.

| The'Jones_Calculus-methedoloéy is slmilar to the
above.except that a smaller (2 x 2) matrix is used. This
smaller matrin is usually made‘up‘ot complex elements and
. can preserve phase 1nformat10n..‘ |

Standardlzed Mueller and Jones matrices are

available ln'many works, notlbly 1n Schurcliff (1966).

A.3 Polarized Light and Matter

" When a.beam of light (polarired or not) interacts
- with matter, the result of the 1nteractlon depends upon'<
| both the polarlzatlon of the initial beam, and the
specific nature of the matter involved.
. Let us flrst consmder (cla551cally) the ecatterlng.

- of an unpolarlzed llght wave 1nC1dent upon a molecule._
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The-electric charges in the molecule will try to I"f_bllow"
. the-iﬁcident eleetric'fieids. As a result, the molecele
ﬁill radiate;'i.e.rseaﬁter the 1igh£. The polafization
of the,scettered_light will depend upon the location of
“.;tﬁe observer.l.If the incoming light is lineariyepolar—
 ieed then the light is scattered anisot:epicallf,_and
‘again tﬁe polerizatioﬁrdepehds upon the-location of'the
obserﬁer,.'See fig. A.5. | |
_Polarization cen”also be‘caused by reflection and
fefractionr Again the electric field ef the incoming
light will cause the charges within the material to os-
'-c111ate, thus multlple scattering is observed. \Cons;der
an unpolarlzed‘beam of_llght (;n_alr)_lnc1dent upen‘a 
mere opfically dehse'material_(glass), .Applying‘the
boundrf:eondieiOns that the tangential elecfric and
' magnetic fielae.at the surfaee‘are continuous,'ene arrives
at the_sifuation.shoen in fig. A.6. The degree of polari-
zation deéends upon the angle of incidence 0. When
0, + er'= % the po;e;izatipn of_the_reflectediand re4
fracted components is almost.total ' The incidehce-englel
for which thls occurs is ‘named Brewster s angle BB, de-
flned by Tan BB —;% . Where nz,end.nl are the indices

~of refractlon for the two medla

Certaln materlals exhlblt the phenomena of

“_Birefringence (double refraction) when 1nteract1ng with

light} Some crystalllne sollds fall into thls categcry,

‘that is they are optlcally anlsotr0p1c. In such_a crystal
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~ SCATTERING OF LIGHT

a) unpolarized incident wave _ 3
- b) linearly polarized incident wave

FIGURE A5
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~~ POLARIZATION BY REFLECTION AND REFRACTION

Air
Glass

FIGURE A6
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(calcite or quartz for example) an incident ray of un-~
~ polarized light will have two refracted rays (hence
“double refraction) as well as the usual reflected ray.

Cne of the refracted rays will obey Snells Law...
D, San 8, = N, San 6,

This ray_is-then called the ordinary or 0 ray, whilelthe
reftactgd cbmponént which‘doés not obey Snells Law is
;caliéd the extraordinary or E ray. See fig. A.7. 1In
1678 Huygené-discoﬁeréd that the E and 0 rays were |
1ineafly polarized, andlorthogoné;; 'Birefringéncé is
',basically-dué £o the fact tﬁat the velocity of the 6'ray
is isotfopic aﬁd‘therefore the ﬁaterial has the'single
index of refraction ng for the 0 ray. The velocitf 6f
" the E ray depeﬁds upon direction and therefore so does
the iﬁdex of refraction B, forfthe'E ray. - The:yeldcity'
 9£ £h§.fayé'depeﬁds upon the orieﬁtatibn of the electric
~ field (the pdlarizatidn) of the ray. ThiS'différenCe in
‘velpcity between the 0 and E rays enables the experimenter
s tﬁ‘selécﬁively retgraloneof_the'linearkpolarization
'components;. (This use of a birefringent crystal feguires
‘tﬁaﬁ‘thé crystal be cut in a specific wayQ;.'see Jenkins
(1950);' A crystal arranged in this manner is called a
rétardejaand'hés the properties.of-resolvihg a beam intﬁ‘
W£w0.¢o¢pon§pts;-tranSmittinglthe compdhents at different
velocities, and reqoﬁbihing them with alphasé'differeﬁce

,”that_depgnds upon, among‘other parameters,-the thickness
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BIREFRINGENCE

" Reflected
- Ray

- Calcite Crystal

. FIGURE A7.



of the_retarder."One.can then generate elliptically
polarizedkiiéht by sending a beqm of }inear}y_polarized
r_light through a retarder whose fast direction is at some
Angle Q wifh-respact_to the initial plane of polarizatiqn,
and whose retardance (phaSe éngie difference) is 6. The
results will be élliptiéally polariéed unless 0 = + 4$°,
& =+ 96° {circular); or @ = iIQb, § = i Qor(linéar)‘dr
if § = 0°, 180° {linear). A retarder then is just a
polarization form converter. |

The most important interactiﬁné'of light with
- matter (for the practical use of polarized light) are
dicﬁréic interaétions. Materials which exhibit dichrbism
‘.will‘absorb one‘?olarization'form and transmit the
orthogonal form. ‘Polaroid sunélassés are a typical ex- '
 ample of diéhroic materiélt‘.Thé lenses are oriehted éo
as td pass iineariy—vertically pdlarizea light, thérefqreu
 the‘horizontally'polari?ed componenté are abSorbed; But
glare from the surface of a road, or body of water, of
from hany other horizontal.reflecting surface is hori-L&
iontallyrpbla;ized, and removed by the dichroism of fhe |
sunglass lens. Althdugh there are many materials whi¢h.
caﬁ.be.madé-to exhibit dichréism, the @ost commonly
aﬁailabie_iéhfo;aroid'Corporaticn's type H;-This material
‘is-méﬁufaCturedfbylalligniné iodine molécules in a stretched
‘sheet of polyvihyi alcohol. When a beari of light passes
through the sheet,:the cbmponent of-the beamn whoseieléctric

field lies along the long axis of the iodine mdleculés
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will be absorbed. ‘The orthogonal component is trans-
mitted (with some ettehuation due simplyrto;the optical
‘VdenSity of the sheet).r Land (1951) has done a review of
che hietory of dichrcic polarizers {He is the inventor
-of the-modere dichroic polarizer). |

R Optically actlve materlals such as Turpentlne,.
Quartz crystals and sugars (to be optically active a -
sample of the-compound must contain a significant majority
6: one'of the mirror image versions cf.iteelf; eithef the
,_f;ight_cr left handed Vereion) can rotate the plane of
polafization of a beam of iinearly polarized light.
Jenkins (1950) descfibeS~Fresnel's explanation for
optical rotations. Fresnel assumed'that.cptically active
.materiel'treets the entering linearly polerized light as
tﬁo,equal amplitude, zero phese difference, ccﬁnteru
- rotating circularly polarized componenﬁs. He fcrther
essgmed;that‘the propagatioh_speed'was different for the

-Right and Left compcnents; producing a‘ncn~zero phase

difference. ' Then because of the non-zero phase- dlfference, o

when the beam exlts the material and the two counter-
_rotatlng components recomblne, we once agaln have linearly
polarized llght but the plane of polarlzatlcn has been

: rctated by an angle 8/2 (8§ is the phase dlfference) Tt
llS apparent then that the magnltude of the rotation
“depends upcn_the amount of optlcally—actlve material the
beem passes through.'rAlthcegh Fresnelﬁs‘e#planationldoes

‘agree with experimental evidence it does not explain
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’the process on the molecular level.. That éxplanation
was first put forth by Reusch he suggested that the
‘molecules in an optlcally active substance are aligned
in a hellcal'pattern. This was later_Ver;fled in other

experiments.

A.4  Semiclassical and Quantum Mechanical
Aspects of Polarized Light’

In tﬁe previous section we have discussed the
iﬁteréction-qf light with matter, without regard to how
the light'was created. We will now rectify that omission
by'discussing (both semi-classicélly and qﬁantum mechaﬁi-
cally)‘the origins of light within thé most eleméntary
radiatihg systémé. | | | o

We‘beqin with an electric dipole. Consider a
_'fixed positive charge with a negative chérge in linear
"periodiclmotioﬁ,about it. 1et us assume that ouf observa-
tion point is.loéated a distance rO from_the_positive
7 charge with ry =r_ > r. Seé'fig. A.8. We can_then
.write the retarded scalar and vector potentiéls (for_thé
obSe;vér} ofﬂthe moving negative charge as follows.

o[

.t-'_

,/**:'_‘: “Cﬁf
| Cf,(l." EE{L,) .t-%

If we expand the above terms using
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LINEAR ELECTRIC DIPOLE

Observer

. FIGURE A8
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'('/..x)_'n = [+ DX+ ”(”"")x £ O(x?) ..

. .. 'z . ]
and if we neglect terms of order (g) and higher...

~a Q@ & ey
p=-¢ -2 |

‘then

Al: . & r f '
S e t- L
If we ncwineglect.the first term in the scalar potential
expression (at large r, the %Q is cancelled out by the
_ ‘ , B _

%QnAterm from the fixed positive charge), and use the
o _ _

~ facts that . . o
- . - E -qu--.._f?

Hoe L[RxE

we arrive at-

H -

lwnete'fi is the component of the negatlve charges ac- .
-celeratlon 1n a plane perpendicular to - The observer
(at.suff1c1ent1y large ) in the wave zone) sees a plane
polarized electromagnetic wave. Let us surround this
oseillating and-ra&iating di le w1th an 1maglnary sphere
:(radlus r, )’ such that the polar axis is along the dipole
moment the observed polarlzatlon dlrectlon of the wave

will then depend upon where on the sphere the observer
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is located., See:fig. A.8. Since the dipole makes an

angle ¢ with respect to r_, and since Qr = p = p_.cos{wt)z

o)
«+« then A
‘ . »E . E
ro c*
_ . A.4.5
g = RERAY
| r,‘_é:‘
and
.

r, €

'where H is always parallel to the equator of our sphere

" and E is always perpendlcular to sald equator. Thus the

wave is completely linearly polarized.

o Let.us now consider'the electric rotor where

- the:negative charge travels about'the fixed positive
leharge‘ih-a eiroelar path. .Rather than repeat the calcu-
lationshfrom the begihning; we can instead resolve the

‘ c1rcular motlon 1nto two llnear harmonlc components with
the same frequency ‘and amplltude but with a phase dif-
'ference of +n/2 If we_agaan ‘use our‘lmaginary sphere,
this tlme'w;th the'polar axie aleng the symmetry axis :
©of the rotor, again the form of the polarization will

. depend upon the locatlon of the observer. For © = 0°,

L 180° one observes a c1rcu1arly polarlzed wave, at 6 = 90°

one observes a llnearly polarlzed wave, and anywhere in
‘between one observes an elllptxcally polarlzed wave.

There are of course hlgher order terms which we



 POLARIZATION OF ELECTRIC DIPOLE RADIATION

FIGURE A9



have neglected, a summary of the
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radiation from higher

rom magnetic radiators

is available in Feofilov.(l961).

We can now discuss polar
Zeeman effect. Let us place our
in a magnetic field H not direc

moment. The equatioh of motion

=l

m

which can be written as the thre

ing the z direction to be along
' X s -mwlx -
m;?' = -—‘r”W.‘y -

mz = - MW '

The 2 éqqation solves
will try solutions of the form x

for the x and y equations. ' This

immediately the z

ization'ih ﬁhe normal
lineér.dipole-oscil;ator

ted along the diéole

of'the néqative chargé'is

[F. Y.,H CA.4.7

7

nle

e scalar equations {choos-

H)

Ty H

ex ¥ A.4.8
= 2, cos mot. Ve

= ilwt _ iwt

= Ax € and y = Ayhe .

procedure yields

] LI |
t ) o RW

(wi - w*) -(;7)/7/ A.4.9
or -

Wl -wt o=t Rw oo

We =% e H A.4.10
therefore o

w = w," ¢ Q?ﬁ_ + Ei.}{ A.4.11

wmc
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'However_for'magnetic fields, H, of realizable magnitude, '

2

o 27 I and therefore dropplng terms of order (*EE)

we arrive at
' - w= w, t Aw

A.4.12

Y
aw = =2

~ and note Aw << W,: We may now solve for the A, and A

by again using_xr=‘Ax e'®® and y = A, et iy A.4.8 ana

_ 2 ‘
then removing terms.of order I%E) s+ We then find

and the full x.and'y'solutions,are
o ' . o (w, Taw)t
‘ X.-: /4* e
| A.4.14

| UW d@f?'zﬁ

: Therefere when w =‘wo + Aw,:x 1eeds"y by e-phase angle of
/2 end'the.radietion‘emitted by this osc¢illator (when
v1ewed from the z axis) 1s circularly polarlzed-'and when
‘_-w = mé -Aw, % 1ags y by a phase angle of 7/2 and the @
radiatlon is again circular butopp051te in direction
(called ¢ components). | |

‘; In summary, when a 11near dlpole OSClllatOr is .
placed in a magnetlc fleld one observes three frequenc1es
of 0501llatlon Wor W, + Aw, and wo ~ Aw. Both the in-

ten91t1es and polarlzatlons of these radiations depend

‘ upon the locatlon of the observer. If the‘observer is
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:on the ;‘axis he will observe only circularly polarized
_eomﬁenenps e?ﬁfreqsescy_wo i.&e. (the!liseerly polarized
W, rédiatios has zero intehsity on the 2z axis).  However;
"if the obserVer is on a line perpendicular to_the z axis,
in.tbefélane cehtaihing the dipole, he will then observe-
all three radiations @o; W, * Aw. Now however the ¢ com-
ponents‘}m = Wy + Aw)} will appear as 1ineerlylpoiarized'
with the electric fielé vector perpendiculaf to the mag-
‘netic field direction. -(Analogousrto.obser?ing-an-electric
rotor‘edge on} the W fediation {the ﬂ‘cemponeht) is of
course. llnearly polarlzed w1th its electric field vector
.parallel to the magnetic field dlrectlon. .

ThlS classical descrlptlon of the normal Zeeman
effect is 11m1ted to cases in which the source of radlatlon
'cen belcons;dered‘a Smele system of llnear dlpole os-
cillators. "
| - We now turn tofquahtum mechanics for a descriﬁtion
of polarized‘light'on an,etemie scale. We will confine
ourlaiseussibn to'elecﬁ:ic_dipole transitions:where
AL =+ 1, and Am % O‘ + 1. Tﬁese-selectien ruies ere'
| necessary for ‘non zero matrzx elements between the upper‘ ;
and lower states. The transltlon probablllty is of course
proportional to the_square of_the matr;x element, The
"iselectiqnlrules:cah be demonstrated as.follows;_The matrix

elemenﬁ

Den= S P A maas
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{where p is the dipole moment of the atom electron system).

_oan, be resolved into the cartesian elements

) ‘-eg'{’ x Y, d7

L
K
2
LI}

(wrd
5w
]

- -e S ‘)": yY¥ de '. | A_.4..15

=
A
v

2 e Ffﬁj'zlv; J

‘assuming that the'electronlmdves in a central force'field,

we can then write

- . (o _ .

vy =e G A4.17
where 1 is the orbitai angular mbméntum quantum number,
and m is the "z" component of 2.__There are 28 + 1 values
ofiﬁ, and m ranges by integers from -2 to +2.. Using
A.4.17 in A.4.16 and with the z axis as the polar axis we

arrive at ...

I (G

[

T

Dy . —% 5‘( A(ﬂf’nﬂ)¢ ‘-d(m’-!’l"}ﬁJ [F,,fm P 'S"“."‘GJ& A.4.18

. an 4(,»,_’. é '
un : 5 ‘ . e ' ) o ‘
"The'first twoﬁintegrals will be zero unless

:(mf-- m) = + 1 or Am = i“l;"Thellast.integ:al‘will be -

i zero unless (m' --m) = 0. Also note that~when dm = + i

'we‘have in effect 1inearldipole oscillators in thé x and
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y directions ena'circularlylpolarized light, (as viewed
from a point on the z“‘ axis) these are again the ¢ co,m-."
ponents. " When Am = 0 me-again,have the equivalent ofla
linear dipole.cscillator with the'Eaﬁectorlparallel to
the z direction, which is tnern.component. Further note
‘that when viewed from éosition in the Xy plane one eeee
the o componente astlinearly polarized with E perpendicular
to z and the 7 component ae‘linearly pclerized‘with E
' garallel to z. lt can also be shown that‘forVAm =0, + 1,
:‘Al must be + 1. These selection rules can be generalized
-to the set of quantum numbers nLjM. Where then uj = + 1,
0 but j = 0+ 4§ =0 is forbidden and - AM ='0; + 1. o
The above selectlon ‘rules are approprlate in llght
of the . follow1ng arguments . the angular momentum of
'llnearly polarlzed llght is - zero, therefore when such
light 15 emitted, the change in . the angular momentum com-
Aponent_along any-ax1s (i) should not'change, hence
l‘Amr= 0. Clrcularly polarlzed light carries angular
‘momentum + H one would therefore expect Am =-i_l,
1We-are.now prepared to discuss the Zeemen effect
'-quantum.mechanlcally . Let us choose the z axis along
.the external magnetic fleld H. This problem has been
-solved in many books (see Bethe (1956) Pg . 208) with tne

followlng result...

En!,'n = Ea}j * ? MH o N A..4'.19

where
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o . ) ) gl + sBrd - gt - RL4L20
?’ - /- (7“_l - Lj‘(g}f) :

‘and M takes on (2j + 1) values. The energy E' therefore
takes on (23 + 1) values, one of which is still the zero
magnetic field value.Enij. ‘The wavelengths. of the radia-

‘tion are then

A-A +l S"”'V/“C '

A= g (M7 M.j,)?/f : : A.4.21
The poletination rules'are again, m component when.AM.=.O'
(end-thetefo:e A= Ao); and:o'component when AM = i‘lr
'(and therefore p\ = Ao + AX). The apparent polarization
ofzthe ﬁ.and'o'oomponents-will-depend upon the location
hof the observer;. If the observer is located upon the z .
:axls then the 1nten51ty of the - component will be zZero
and only the c1rcular1y polarlzed o components will appeat
(at wavelengths A =~Ao +. AA}. If the obeerver 1e 1ocated
- in the Xy plane, then'both the =n component (;inearly
polarized with the E vector parallel to z, with wavelength
A ), and the o3 component (appearlng a 11nearly polarl?ed
'-wlth the E vector perpendlcular to the z axis at wave-'
-lengths A #_36 + AA) w111 appear._ As a specific example
'"con51der Helium with s = 0, therefore J = L and g = 1.
See.flg. A.10. It was also shown‘by Feojilov (1961) that

for this'5pecific 'ipl‘-'-,‘so transition the ratio of

1nten51t1es for the n and ¢ components (observed 1n the
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- NORMAL ZEEMAN EFFECT

* ~ +

o

g

)

‘ —d
<
"
O

71— on Z Axis

|' — ' ' -in' XYPlcne

~ The presence ox absence of 7 or d‘radiation o
- is indicated schematically'inrthe lower two
. lines.. . . ‘ .

FIGURE Al0Q
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X, ¥ élané} is 1:2:1 for O_ im0 .

| The queStioh nowlarises‘Of what happens to the
ﬁ aﬁa 6 egﬁbenéntSLgs‘£he ﬁaénétié-field H goes to zero.
Certaihly'the wafélength sélitting decreases toward zZero,
_and‘in fact thé'magnetic subleﬁeis become‘degene:ate.
However (expefiméntaliyl the ﬁ'and o components do con-

7 tinue to exist even at zero field. Heisenberg (1925)

has stated the p:ihciple of spectroscopic stability...

(paraphased} thé Stgta of polarization does not change
.when the external'additiohal magnetic field, which is
superlmposed on the system in such a way that 1ts symmetry
‘-remalns unaltered, tends to zero.

The entlre_above d;squss;gn_has'concernéd itself .

‘with one_eleméntaryr:adi;tor.(qr:oné atom),_ In Qeneral
- for a:macroscbpic system pﬁ many radiators the poiafiza;.
tion wilf average to ze:b unleSs»some ani$ptrépy‘i5 iﬁtro—
»duéed. In this-wérk.ﬁhe.anisptropy is'int:oduced by the
'_energetlc proton beam. The beam'direcﬁion is chosen as
the Z axls and observatlons are made from w1th1n the xy

plane. See flgure 2.

A.5 Measurement Methods for Pdlarized Light

‘The'devicés théh_are used to analyzé pqlariiéd
iight~in faét.épply those pheﬁpmgna which we“ﬁaﬁe dié-“':
-cussed in A 3. ”Some of these deviées é&e;_the llnear,
-polarlzer (dlchr01sm), the polarizing prisms, Nicol,
‘G;aq-rbompson,g&g.,(blrefrlngence); retarders Gblre—

fringence); and the pile'of pPlates polarizer (reflection
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‘_and refraction)

The llnear polarlzers ‘are the 1nventlon of E. E.
Land and generally the product of polar01d Corporatlon
(Cambrldge, Massachusetts) The so-called H~sheet lS the
most- common; and is covered by a number of patents. Dur-
‘.lng manufacture a thin sheet of polyv1nal alcohol is
_ heated stretched and then for_support purposes laminated
to a sheet of cellulose acetate butyrate. The polyv1nal
alcohol face is then wet with an iodine rich solutlon whlch
will leave a residue of = aligned iodine molecules w1th1n
the polyvinal -alcohol. This sheet is then lamlnated be-
tween plates of glass to form the completed llnear polar-
izer, These polarlzers can be made in various colors and
transmlttances - In this work a type HN-32 1mp11es a peak
- transmlttance of 32% for unpolarlzed 1nc1dent light. The
behavmor of this polarizer for normal 1nc1dence 1s cate-
gorized in table A.2., Note that K, (the major principle-
4transm1ttance) is deflned as the ratlo of transmitted to
1ncldent 1ntenszty when the linear polarizer is placed 1n

a normally incident, llnearly polarlzed beam of light

.-

"orlented to maxlmlze the transmlttance. The mlnor prlnc1-"

ple transmlttance, K2, ‘is obtained from the same ratio
'durlng mlnimum transmltance. The prlnc;plemtranSmlttance
'7ratlo Ry is deflned as kl/kZ" For one polarlzer Rt is on
the order of 1.5 x 10“ {at 5000 A) Reflectlon losses
-do occur at the surfaces of linear polarlzers, however

these losses [for normal 1nc1dence) are 1sotroplc and
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 TABLE A.2
BEHAVIOR OF THE HN-32 POLAROID ANALYZER
. ‘Wavelength 3 K. I K

37150 . .33 - - .001

4000 T - ©.003
4500 . .68 SR .0005
5000 | 5 a .00005
5500 70 . .00002
6000 | .67 ~ looooz
6500 | .70 - . .00002
7000 N .00003
7500 . .84 | - .0002
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amount to typieally <4%.

There are of course many other dichroic linear
polarizers.whieh dolnot immediately concern us. De-
tailed-leformatlonecan be cbtained from Polarcid Corpora-
‘tlon, Cambrldge, Massachusetts.' .

. The "linear polarlzlng prlsms have been in large
measure replaced by ‘the dichroic sheet polarlzers. How=-
ever one great advantagelthe birefringent pelarizer has -
over the dichroic type is that a-polarizing prism can
separate and dellver both of the orthogonal llnear com-
ponents, there is no 51gn1f1cant absorbtlon. Very few of
-these prlsm polarlzers however can be adjusted to leave;
~the- path of the 1nc1dent beam . undeflected .this is the main
.cause of their replacement by the 11near dlchr01c polar- |
 izers, |

Polari;ation-form cenversion is done with the use
of rétaraérs_'.The most common retarders are quarter and
half-wave plates. The quarter-wave plate will convert a
beam of llnearly polarized light inteo a beam of circularly .
'polarlzed.llght Iwhen properly orlented). The half ~wave
platelcan be used to rotate_the plane of polarization,of
‘1inearly polarized light{ There are'also circular and
elllptlcal retarders, so that in general wlth the. prOper
‘comblnatlons and orlentatlons of linear polarlzers and
‘retarders pnelmay.eonvert from any one polarlzatlon form
:to aaother.:. | o

.The'pile'of,plates polarizer is usually used for
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‘production and/or analysis of vacuum ﬁltraviolétlpolarized
lith, _?he‘poia;izetg previoﬁsly mentipned_generally are
'unuséble‘innthe ultraviolet régioh of the spectrum. There-
'foré the pilé of platés reflectibn/refradtion polarize;
arrangement, evep_though extremely cumbersémé, is grudging—
1y used{- | |
: Given a beam of light of unkndwn.polarizaﬁion férm,
‘one ¢an‘usg tﬂ§ devices'previously discussed in order
ﬁo analyze the polafization form. Once thé fofm has been
analyzed}‘épecific polérizing analyzérs can beﬁused-to |
' separate the orﬁhogongl components for the purpose of
intensity.ﬁeésuréménts; The results of these.intensity
méasurementé can'bé used .to calculate the dleee‘of
_polgriiation. .The beamjis then_complateiy.analyzed. In
o;der'té-maké the intensity measurements.éne.heeds a.
_detector which meets two general requiféments., Many
different-detectofrtypes can be used, the'requirgments
| beinglthat-the detqctor.be sufficiently sensitive énd'_
a;So that'the détector be completely polarizatibn in-
sensitive;, |
| In this research the HN-32 anélyzér is used to
isoléte the linear polarization components so‘that we
may use a phofquitiplier detector system to measure
B thé;intehéities'of.the components. We are ﬁhen able to

calculate the linear”polarization fraction.“k
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APPENDIX B

"THEQORY

‘B.1 Collison Theory

‘We must eventually use inelaetic scettering

theory to describe our process... - |
H 4+ 3é ~ H' + HX
‘Hewever,tlet:es first review eiastic.scattering.'
| We will aesume,the ideai case of a‘fixed-scatter-

ing center at the origin impacted'upon-by a beam of_w
partiéles incident a;eﬁg the +z direction; We can re-
present.therscettering center by a ﬁotential \“F) and

_ 1et us assume that the 1ncom1ng beam is monoenergetlc.

| If after the elastlc scatterlng occurs, the partlcles

'-‘are detected far from the orlgln by a device which sub-

‘tends an angle do, ‘then the d1fferent1a1 scatterlng Cross

' }_sect;qn is

..wf Y T '
ey 9 . mBaa

_where N is the flux of particles in-the beam, end dN . is
' the flux counted by the detector. The total scattering

cross sectlon ﬁ is then
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We can describe. the monoenergetlc beam of partl—

 hc1es by a. plane wave. w1th wave function.

The wave function after the interaction will then be

. A‘E-‘a' : .
Lf) =€ Vo -~ B.l.4
where at large r, we must have
4 KoF

Vo= $le9) .E__F_--« ¢ B.1.5

i.e. an outgoing spherical wave. The partlcle flux can be
calculated from the wavefunction by using the expreSSLOn

for the probablllty current density...
(:‘/’*V% (Vt/**) ‘l’j B.1.6

When thie-is-applled to B.1.5 and we further assume large

r, then _
S ﬁk’ fle ,O‘Jf S Y] . :
E r" . Btl-7
r‘ : ° .
. " .A E‘(:‘ P ! ’ . l. - . . .
_ where i » =V the classical veloc:.ty- of the parti-

.cle, and S is the scattered partlcle flux per unlt area.
slnce Jfl-SM°JOJ¢ ‘and 31nee an element of
_area in sph_er_lcal coordinates is. JA:-r‘s_..;.. ede Jtﬁ . wWe can

then write
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and therefore

- - . o . . ,‘cJ - - .
NT(o¢)da = /Mﬁ—):“f B.1.9
but | v {9, ?ﬁ) dn _—, J/V _‘ 1‘f:ere.j-olr.e

dv _ w s g - 7 B.L.10

dq -t

. This is the scaﬁtefad particlé fiux per unit area at
| angles B,'and ¢ |
We_can apply B.1.6 to B.1.3 to arrive at the
incident flux N 7 |
| N:.'}-’-—K._":. v " - B.1.11

‘using B.l.1l in B.l.10 we get

JN v G'.{Q.QJ &' - L ‘3_1_12
da . rt ‘

a comparison of B.1.12 and B.l.7 yields'the‘important

- result that the differential\Scatterihg cross section is

equal‘to‘the sqﬁare.of the sCatterihg amplitude, i.e.

@cb) Jf(e@)[ o B.1.13

'The solﬁtion of many scatterihg'problemé‘is then
  reduced to flndlng the scatterlnq amplltude f%9 ¢ .
' Recall the scatterlng amplltude is the coeff1c1ent

of the spherical outgoing wave in the asymptotlc form
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[9 e =T sa

-when th1s is psed in the Schrodinger equation

(v k) W)= v V) s

-onelérriVes at (see e.qg. Merzbacher'(1961))

§(o,¢) - :.;E'f?fa’w;'vcw) A GIEL I RRY:

As it stands, thlS result is not explicit and not useful
- The first Born approximation 51mply ‘replaces 'P G-) by

‘ kKot © .
a plane wave ef " so that

%(9 9) = V(7) e“."” Tdr B.1.17

wm'
- This approximation is generally valid for short rénge
weak potentials, or very high energy incident particle.

The scattering'amplitude-is qften written as

+,¢g ’ )
‘i‘(g ¢J 1;7;,' V(rjd’f o B.1.18
.Where % K K - ' !‘?/-:!Ej' ‘ o ??lz'{r’; t& - ' and
K”?' ‘ {see'figure'B 1) and therefore we have...

IVCQSG: fK}"

cr(ecv) (w lge 87 V(_',.—_-).'J?.{P _- B.1.19

and



K
Kl
g

incident proton momentum
. final proton momentum -
momentum transfer =

 FIGURE Bl

—+Z
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e G, = § v Seodedp - -B.L.20

Let us now go on to a discussion of inelastic
' scattering. The vectors K and K’ no longer have equal
magnitudes since energy is transferred to the target

atom. The total System Hamiltonian is ‘H where

H=H + H B.1.21

atom particle T Finteraction
-In general, the't;ansition'amplitude from a state o to

'a state B is given by

e Chlm it wn

For our situation, the w‘s are-produgt.wave'EUnctions

e @)™ e h@e™

where o and » represent the ground and ekcited states.

- Conservation of'ghergy reqﬁires
CEle) - (eea) o) mim
am /T n.oTe :_ ’ M .

where E refers to.ihe atom and W to the incident particle.
'.Théﬂmomentum'tfansfer.relations are now ' § = ;ﬂ_~jéa

- —

oo - o . . i - Motk - ' :
g7 (o) kb St3 T and Ceedr SO0 4see

agéin.B.l,*lEquation B.1,22 now becomes, {in the Born

approximation}...
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T = j-t?‘;';i"q‘_f),,*(ﬁj %/z_(?;}q‘_lé(i) izda 'B.l._;:,_s'

where A is-represehtative of the atomic electron coorain-r

.ateef' " | ._l_ ,
'Tolebtaih,the diffefential_and finallf the total

:cfoss seetions'fof,fhe excitatioe, one must use B.l1l.25 |

in Fermi's golden rule...

T . .
(9 ¢)* l_. ‘7:nli/ﬁ (M41)_, | _ B.li26
density o facto - w,t v
The densxty‘of states factor,/p(m?) is equal to ﬁntﬂél
SO
0. (6,4) = Lﬂ*c‘] w | 7.nl B.1.27
and
0 [ S! mlitda s

. At 1ower energles (or w1th target atom potentlals
:of greater range) ,- the Born approximation becomes less
aceurete. One then turns to the Dlstorted Wave ApprOXl-
mation. mhe 1n1t1al and final wave functlons of the.
”partieie.are no*longer the 51mple free part1cle wave-u

functions.
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In faet, the Distorted Wave Approximation will
nSeWthe_epproach,of,Eqsl‘B.l,zzAand B.1.27;_bu§twith wave
functions which heve Seen distorted by the intefaction
potential. Details are availablerf;oﬁ Bethe (1968),

from Mott (1965), and also from Hasted (1964).

B.2 Cross Sections and Polarization

'.The polarization of light emitted [ih a pareicular
difectioﬁ) by.an impact excited gas will depend upon the
relative cross sectiqné for-excitatiqn ef the magnetie.
sﬁbstates of'the upper level;

.The meﬁhods ofjfhe preceding‘sectién can.ber
generalized to Calculete the erose‘sections for excitation .

. to the varlous M levels.' A convent10na1 label for these

' fee) g
~ cross sectlons is IQ" where o 1is the total orbital angular =

momentum quantum -number L, and M represents the magnetlc
substate. ‘Let us next define A e )- , hﬁ,(Yj , and
dﬁ(?)-'”as the transition probabilities for emission of
light from the Mth substate w1th the llght s electrlc
,fleld vector aligned with the x,y, ‘or z dlrectlons re-
‘spectlve;y{ A}so,:51nce.ou;.system is symmetrlc about

the z.axis.-.
: dﬁ . q:ﬂ K g e l." 2.1
M P e C ) B

The intensity of light emitted with its electric field

vector polarized“paraliel (perpehdicular) to the z axis
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is then

-l 3 L
’ ‘I,/ = % /qM (2') Qm
T, - 5 Alar B2

. We_céﬁ.then write thé‘linear.polarization.fraction
i [AM ('2')_ Am (YJ]QW,

o= 2 ” " —

s [AnE® « a7 (D],

_3.2.3‘

faal

Using the Zeeman intensity formula from Condon {1967) for
~a J - J-1 transition we get

7, « (T-m")

v - i . . B|204
T ?(VIM)(TIM—;)

r
where . ,q:”(;) o I, and l"/-}:f () < I,

theﬁ Eqg. B.2.3 becomes '(with use of B24 ax_n_d Qp? Bom )

| for a P 'S transition o |
e Qe " ~ B.2.5
B ¢ PR < :
'I_'h'er theoretical problerﬁ hasr been reduced to finding
the _Qf .énd—.QT' fér the 3'P state of'Hélium. |
" Both the Born and Distorted Wave ‘Appx;oximations

can be uéed'tc find fhe_ Qo and  d° givén ; proper
.chqiée‘of wave functions, i.e., wavefunctions in which

the M dependence has not been summed over. The,matrix
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elements must be taken between various M states SO that
the tranSLtlon probablllty w111 show any M dependenceA.
they might have. ﬁEEE (1965) gives an example of this
 ,type of procedure. Egll (1961) and others who have dohe
thisﬂtype calculafion have ﬁsed mulfi—pafameter wave-
functi@hs whoserﬁarémeters have in general been cﬁosen-
to satisfy c#léuléﬁions df oscillator stfengths. The
cross sectlons arrived at by Bell (1961) are shown in
table Bl as abstracted by thls author from Bell's (1961)
graphlcallresults, Table B2 shows the_values cf 7™ as
cal¢uléted:from'the cross sections of table El.ﬁsing

equation B.2.5



TABLE Bl

THEORETICAL EXCITATION CROSS SECTIONS

ut Enefgy . | Qo 1n Trao _ Qil in W-‘-’lo-2

in keVv Born ‘D.W, A. Born 'DanA-
100 .0238 .0198 L0271 L0150
178 0166  .0175 .0218 o166
36 o107 L0122 0192 o158

450 .0080 .0093 .0163 - .0144

. . 3 .

Cross sectlons for the excitation of He to the
31P and 31P+1'states calculated by both the Born Ap—
prox1mat10n and Distorted Wave Approx1matlon (D.W.A.)
methods'. These numbers were abstracted from the
graphlcal results of Bell (1961) '

lées
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450

fromsBell's (1951)

342 ‘

, TABLE B2
THEORETICAL LINEAR POLARIZATION FRACTIONS
'H+'Enefgy ' T Theoret1ca1 T Theoretical
in kev - from Born from Distortion
100 - .065 + .138
178 - .178 + .026
316 - .284 - 129
- - .215

The llnear polarlzatlon fractlon " calculated

theoretlcal Cross sectlons
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ARPDRLEDIX C

COIIPUTTR. DROITIALLS

LS.l Tl

This program is used to calculate the hehavinr «f

the interfereﬁce'filter.
- LaM - Q:IQ FRIDAY AUb 24, 1973

IUE'PRINT “INTERFERENGE FILTER LAMBDA VS ANGLE®
1@ FOR N=1 TO 2 STEP .o :
1200 PRINT "USING 139,10

lSG~:ANbLb LAMBDA Nsgd.n¥gp

147 FOR A=¢ TO 19 STEP 2

150 LET X=Rabc¢a)

162 LET L= SﬁlH*Sﬂq(l-((SIN(Y))**?I(N**2)))

172 PRINT USI14G 1RZ2,A,L

180 ssew RERNA

199 NEYT a .

28@ PRINT : : * : N
218 NEXT o -

229 END



'ruh"bésis'acdordinq to equation 4.1.3.°

NEWPOL 9122 - FRIDAY

100
i

leg’

132
lag

153,

165
179
164
197
249
2lu
22a

230

249
2572
260
274¢%

- 280
290
3en

31
323
330

3403

350

362
313
- 380
390
40
410
420

438

840

459"

460
479
HE B
499
500

Ste.

529
534
S4p

C.2 NpPOL |

This program is used to calculate m on a run by

DIM P(RPS)

PRINT 'LINEAR PULQRIZATION'FRACTIDN'
PRINT '# OF RUNS TO ANALYZE (S5°':

INPUT NG
PRINT “*LIST ALL P':
INPUT A% .

FOR 1= TO N@.
READ Al,AZ,A3,8B8,B1
LET C,D=2

FOR N2=1 TO b0

‘READ B2,B3

LeT C=C+B2/3n
LET D=D+B3/Ba-

NEXT H2 S :
IF A$='YES' THEN 27a

LET 2z=2

Go TO 31a@

LET z=1.

PRINT

PRINT _ : A
PRINT ° v o c
LET F=8. '

FUR N3=1 TO Bl
READ V,N,HLM

LET A=(H-C)/(M=D)
LET B=(V~C)/(N-D).
LET P(N3)=(A-B)/(A+B)
LET F=F+P(N3)/B1

GO TO 39¢,41¢ ON 7

PRINT USING 4@A,V,N,H,M,P(N3) .
3oeeREs  HNENE L A N Y I

NEXT N3

LET S=g

FOR Na=1 ToO Bl

LET . S=5+4(P(N4)=-F)r12
NEXT N4 .

IF Bl=1 THEN 490
LET S=SQR(S/(Bl1-]))
GO0 TG 598

LET S=p

LET 'E=5/50K¢BL)

LET 1=5 o

FuR NS={ TO B! -
LET G=ABS(P(NS)~F)

IF G<2xS THEN 563

AU 24, 1973

.
-



550
560
57@
S5&p
594
67
610
620
636
649

650

660
672

680

LET f=1+]

NEXT 1.2

PRIMNT

PRIHT /S ING SgnJAlJAQJAS 81

1RFE b IV, T ReEA U HE., #fe U A7 He+ ,
PRINT HSING 610,5,1.E

:ST DV =p.owpgrn ## PTS DY > 2 516G

LET FR=F<E

LET Fl=F+E

PRINT t..:INlJ 05a4,Fa, F:Fl

t{(P=S5FE3y= ﬂ.##### MEAN P =va.stp3p9
PRINT '

NEXT N}

END

#¢ TRIALS

SeEwz#orpupy

AP+SE)=p.rpppe
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STAT

104

lin
120
130
lap

15a

166
170
160
193
200
21p

220
230

240
258
260
274
260
298
3ua
Jie
320

3ag
- 34p

350
. 369
378
380
398

4ue

4lq
4zp
430

C.3 a7TAT
Thizs prbqram i35 used to calculate &

\

ion of runz from results stored in &

9:25  FRIDav AUG 24, 1073

DIt P¢3ap) _
PRINT 'FILE TO BE ANALYZED 1S
IPUT as ‘

OPEN 1,A%, INPUT

GET hi,N

LET F=g

FOR 1=! To M

GET P(I)

LET F= EE+P (1) /1
NEXT 1

LET S=g

FOR J=I T0O M

LET §= S+(P(d) P}12
NEXT o

LET 5= bﬂH(S/(M-l))

LET K=o

FOR L=1' To M

LET G= =ABS(P(L)-F)"

IF G<2xS THEN 3pn

LET K=i+)

NEXT L

LET E= S/SﬂR(M)

LET F@=F-g

LET Fl=F+g

PRINT USING 350,m

t¥#er P'S IN CALCULATION
PRINT USING 370,S,K,E
:ST DV =¢, HEED #¥0 PTS DU > 2 SIG
PRINT USING 398,Fa,F,F|

$(P-SE)= weevesrs  MEAN P = J#.a####

FPRINT
PRINT

GO TO 110
END

SeEvstopppey

(P+SE)=

PR vorEp



C.4 Trmay

L T
— 173

Thisfprogram is used tg‘calculate the t stat i

o

.

o~

used-as ‘a test for the gicnificancs ©of the 4i’ferarce ¢

. means.

- TTEST 9126 FRIDAY Al 24, 1973

126 PRINT T TEST.;.INDUT‘REAN;ST DU, LG,
LI 1680UT py,s),0;

120 IHPUT P2,s50,N2

125 1NPUT A3 :

13e S3=((Nl—l)/ﬁl)*5112
laﬂ'sq=c(w2-|)fwa)m5212

150 F=NE+Np-y
166_Z=SQR((NI*SJ+N2*54)/FJ .
179 T=(P1-P2)/(Z*SUR((!/NI)+(l/N2))J
180 PRINT USILG 193,F,T o
190 :vre DEGREES oF FREEDOM  Tzgpp,pe
203 PRINT '

218 GO TO 11g

220 END

[ ]
~J



C.5 PUT20L .

‘ - Crralua
This progran is used to ca cualate the_fo_w e luer

. . ,,_:... L - " o e '.l.e..
“for each N rin and to store then i1 Aan an»ropriate €11 .

PUTPOL 9:29 PFIDAV AUb 2&; 1973

1¢2
g,
ree
139
1an
15p

160

: 17¢
B E:T
196

206
21e
220
238
240
256
260
27e
S 24n

298
3aa-

310
320

338

. 3ug
359
366
370
380
399
400
410
429
430
449
459
460
478
480

494

- 5p0
510
528
530

54@

C=C+B1/Bd

REM PUTPOL TO ANALVJE P AND FILE IT
DIM 0(38E),P(25)

PRINT '®» OF RUNS TOQ ANALVZE AND FILE ISt
INPUT NP

FOR NI=] TOo nat

READ 1,J,K

LET C,D=g '
READ B@,T :
FOR #2=1 TO 8@
HEAD B1,B2

D=D+B2 /R0 o ‘ ‘
NEXT Mg ' '
FOR N3={ TO T

READ VaN,HIM )

A=(H-C)/(M-D)

B=(V=-C)Y/(N=-D) :

P(N3)=(A=B)/ (A+B)

NEXT N3

IF J=.2 THEN 336"

PRINT USING 316,J,1

tPRESS=¢##s#r  pas KEV DATA NOT ADDLD TO FILE
GO TO 710

AB='Plag*

'1F'1=1aa:THEn 5|0

AS='Pl5g*

IF 1=158 THEN 5ig
AS='p2pp" =
IF 1=207 THEN 5)@
AS='P25p" ,

IF 1=25@ THEN Sl@

AB="p3ap*

IF 1=3¢03 THEN S|@
AL="P3sp?

1F 1=3%3 THEN S1g¢

A ="P4ap*
1F 1=408p THEN S10.

Ad="'Pysp

IF 1=45p THEN 510 ,
PRINT 'UNACCEPTABLE - 'ENERGY VALUE'-

G0 TO 710

OPLEN 1,A%, INPUT
GET ELG

IF E=¢ THEN 57¢
FOR L=1 TO Ef_



550
560
579
560
598
680

6l1n

620
630
64g
650
66p
670
6HD
699
790
719
720

GET O(L)

NEXT L

CLOSE 1

G=1 S

OFEN 1,A%,0UTPUT
Q=E+T '
PUT 1:6,6

FOR R=] TO E
PUT 1:0(R)

NEXT R S
FOR Na=l T0 T
PUT ] :P(N4)

NEXT t4

PRINT USING 690,

t#esr KEV DATA A

CLOSE |

MNMEXT N1
END

I
DDED TO FILE

176



C.6 PUTPCLR

This program is usel to calculats the 20 - values

" for each = run and to =z

PUTPOLR . os3p

1éa
l1a
2@
i3n

laa

150
lo@
178
186
199
208
21
22¢
230
240
250
260
274
280

29p

300
312
32¢
33p
340
354
Jes
370
AR

394

L RER
4la

420

438
440
450
46¢
47¢
480
49p
500
510
529
530
540

tore ther in a avprooriate “ile.

FRIDAY . aUG 24, 1973

REM PUTPOL To an
DIM 0¢3a8),P(25)

PRINT ‘¢ OF RUN

INFUT nN@

FOR NI=l TO Ng

READ . 1,J,K
LET C,D=p
READ Hp,T

FOR N2=1 To gp

READ Bi,Rr2
C=C+B1l/EQ
D=D+B2 /B
NE¥T NP

FOR N3=1 TO T
R.EAD VoN,HLM
.Q“-'(H"C)/(H-D)
B=(V'C)/fN*DJ

PUN3)=CA~BY/(A+B)

NEXT N3

1F. J=.2 THEN 33¢

ALYZE P AND FILE IT

S TO ANALYZE anD FILE 1573

PRINT USING 3te,d.1

tPRESS=ww,.p¢

GO TO 714

AS='P1GAR"

IF 1=10@ THEN

AS='"PISAR
IF I=156 THEN
ASR='PRagR"

IF 1=20¢ THEN
AS="pP2S@R"

IF 1=25@ THEN

AS='P3GCR"

IF 1=306 THEN

AS='P35pR" ,
IF 1=354 THEN
AS=1P4rpRY .
IF 1=480 THEN
AS='P45HR?
IF 1=45p THEN

PRINT 'UNACCEPTAR

GO TO 710

GET E,G-

[

5i@
510
Sto
S1@
S51@
Ste
S16

Sla

OPEN 1,A%, INPUT

1F- E=& THEN S7@

FOR L=l To E

## KEV DATA NOT ADDED TQ FILE

LE ENERGY VALUE®



550
560

- 570

s8@

500

680
610
620
630
640
650

660 -

674
68D

6en

1en
710
728

"GET 0O<(L)-

NEXT L

CLOSE 1

G=l '

OFEN l;AS;OUTpUT
Q=E+T

PUT 1:0,G

FOR R=t TQO E

PUT 1:0(R)

NEXT R

FOR N4=} TO T

PUT 1:P(N4)

NEXT Nag

PRINT USING 69¢,1]

tefg#d KEV DATA ADDED TO FILE
CLOSE 1.

NEXT NI

END

173



C.7 PULPOLY

This wrogram is used to cqlﬁuL fe the 20 - valures

- for eath Tin and to store them accbraing'té'Qréazﬁra'ani eneri.

PUTPULP 9135 FRIDAY AUG 24, 1073

A
o

120 p

138
lun
150
160

bre

180
190
260
21¢
220

23a

eap
256

260

27¢
280
. 298
300
3le
326
‘338

349

35¢@
- 360
370
- 386
399
4p0
4@
42¢
- 43¢
440
458
4606
470

480
493 A%=

. 5an

510

520 1
530

540

Rely PUTPOL  TO AUALY?L P OARD FILL IT

DIM 0¢3re)Y, P25y

RINT *¢ QF PUNS TG ANAL?ZE AND FYLE 15':
INPUT rig :

FGRl Ni=) TO Wi

REAL 1,0.K

LET C,D=¢

READ B, T

FOt N2=] TO BO
READ BJ ,;u2

C=C+8] /10

D=D+H2/BG

NEXT e :

FOR N3=] T T

READ V,iisH,M

A=(H-C)/(M-D)

B={VU=C)/(N=

P(N3)=(a- B)/(A+B)

NEXT N3

IF J=.81 THEN 38@

IF JU=.05% THEN a7p

IF JU=.2 THEN 544

IF J=.6 THEN 57@

IF J=1.8 THEN 64

IF J=1.5 THEN 71a

PRINT USING 36a,1,y . :
:PRESS OUT OF BOUNDS #e¢, #¢.s4
GO TO 9ga

AS='TISaRpL

IF I=15¢4 THEN 780
AS='T30pPa]

IF 12388 THEN 78¢

AS='T450Pa] ¢

IF 1=450 THEN 780

PRINT USING 450,1,4 .
PENERGY OUT OF BOUNDS 248, tfene
GO TO o9gg :

AS='TIS5APRS

IF 1=158 THEN 78a

\$="'T360PAS

IF =339 1HhN~78ﬂ

n$='Tab?Pﬁb"
-1=45@ THEN ?BB

GD TO 4ag

PR]NT USING S56,1, J



550
569

57¢.
YT

tUSE PUTPOL  #sp, #é.0
GO TO 9ga - :
AS="TISOPEY

IF I=150 THEN 7&Q

- 59p

6N
610
620
630
640
650
sef
670
680
690
700
710

128

730
148
750

768

770

780
199

see

810

20

830

840

850
‘B6A

874

8589

890
904

910

920

930
940

‘950
96¢

978

9BY
998

AS="T3POPg?"

IF I=300 THEN 78Ra
AS='TH5ppgy -
1F I=458 THEN 780
60 TO 440
A$S="T150¢P|@a" :
IF 1=150 THEN 780
AL='T33aP10" '
IF 1=3008 THEN 788
AS='Tasar1a". I
IF 1=45p THEN 78@
GO TO 440
AS="T|5pP)| 51 ‘
IF 1=15@ THEN 78@
AS="T300aP|5"

IF 1=3060 THEN 78¢
AS="T4SOP)S"* .
IF 1=450 THEN 788
GO TO 4468
OPEN 1,AS%,INPUT -
GET E,G '
1¥ E=p0 THEN 84p

FOR L=1 TO E

GET O(L)>

NEXT L

CLOSE 1

G=1

OPEN 1,A$,0UTPUT
QA=E+T ..

PUT 1:Q.G

FOR R=} To E

PUT 1:0(R)

NEXT R

FOR Na=t TO T

PUT 1:P(NG) -

NEXT N4 = :
PRINT USING 966,1,J,40%

1Pty KEV, e#.es U HE DATA ADDED TO

CLOSE |
NEXT N1
END

XYY
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.«lthln the bonsuter for ldtnr abcentance ot

.3

T o wralues,

PUT

1ea
1o
120
136
1ag
158
loa
Ve
18@

. 9:39 FRIDAY

PRINT 'FILE NAME®
INPUT as

OPEN 1.AS,0UTPUT
M=g

N=} .
PUT | M, N

CLOSE }

GO TO 1pg

END -

puUz

AllG 24,

1073

. Thisz program is used to initialize sto*aﬂe files

galculatéi
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9140  FRIDAY AUG 24, 1973

BIM 0C3Pa),p(25)

PRINT '¢ 0OF RU

INPUT

"N@

FOR NI=1 TO
IodsK -~
LET C,D=p
HEAD Bo,T

READ

"FOR N2=1 TO

READ Bl,ne

C=C+8

1/B0

D=D+B2 /B4
NEXT N2

FOR N3=1 To
REZAD V,N,H,M
A=(H-C)/(M=-D)
Ba(U=C)/(N=D)
P(NS):(A—BJ/(A+B)
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APPENDIX D

QUALITATIVE CONSIDERATIONS OF THE

EFFECT OF HELIUM PRESSURE ON =

In prev1ous experimental studies of the polarlza-
tlon of the llght from the 3'p-21g transition in Hellum,
: the researchers have elther clalmed that their result was

independent of the pressure of Helium in the target cham~

" ber below .2 mtorr (Van Eck (1964), and Van den Bos
_(1969)), or they show a pressure dependence of w down to
~ their lowest pressure of .2 mtorr {Scharmann (1969)) We

have clearly shown. that 7 is still pressure dependent
below .2 mtorr. The problem which remains however is to
_lpexplaln that pressure dependence, and espec1ally to et-.
'_plaln the change in the sign of 7 as the He pressure is

'lowered X Scharmann (1969) also observed a 51gn change,

L but was not’ able to explain it.

In order to attempt to dlscover the reason for the
'slén change in n, we followed a suggestlon made by Pro-
fessor R, H. ‘Lambert. We reanalyzed our data so as. to
- show relatlve 1ntensrt1es of A- 5016 A llght as a functlon
of He gas pressure. Both the parallel and perpendlcular
1nten31t1es were calculated by equatron 4. l 2. We then-‘
normallzed these results to He pressure., The results of

. these calculatlons are shown in Tables Dl, D2 and D3.



We have plotted the beam current and pressure normallzcd
'results in Flgures D1, D2 and D3. These intensities are
‘proport;onal to the number'of_photons:per proton per
targetfatom'received at the detector.

| We had 1ntended to look into changes in the rela-
tlve 1nten51t1es of parallel and perpendlcularly polarlzed_-
llght (as a functlon of pressure) 1n order to-attempt an
.explanation of. the change in srgn of T. However the
‘relatlve changes in relatlve 1ntensrt1es are very small
compared to the average relatlve 1nten51ty changes (as a

-functlon of pressure), therefore we were not able to flnd

h,_a probable cause for the change in 51gn of L

" The lnformatlon gained however, has caused us to
reallze that 51gn1f1cant trapplng in the metastable states
- of He occurs w1th1n the - target chamber._ We have pre-'

' v10usly dlscussed (sectlon 4. 2) trapplng at the 1 S level

B and how it would tend to depolarlze the A 5016 A llgnt

We have also prev1ously corrected for this effect. How-
.:ever capture at levels other than the ground state must-

now be con51dered.: Inspectlon of flgure 11. shows threel
Astates Wthh do not connect (vza electric drpole tran51—
~t10ns) with the 1 S ground state. These three States
(whlch are long lived and called metastable) are the 2 S,

238 .and the 2°P, The trlplet states need not concern us

7‘-31nce transrtlons between trlplet states will not result

in 11ght of wavelength 5016 i and since the only inter~

system tran51t10n‘of note is 2°P-1'S which simply leaves



‘TABLE D1
 INTENSITY Vé He PRESSURE AT 150 keV BEAM ENERGY

L . NORMALIZED TO BOTH
NORMALIZED TO . * BEAM CURRENT AND

e égzﬁ . S #40!75‘ 8.E. BEAM\CU.RRlENIT_ 8., | He PRESSURE
PRESSURE' CURRENT 4 OF  MEASURE-  OF  MEAN MEAN  OF -  MEAN MEAN
mtorr ‘ .uA‘ - RUNS MENTVS S I, _ I‘,,.‘ | I, I, L T, | ;Ij,'
o1 5.5 8 160 '\.0615 082 .083  .0014 8.2 i;ls 8.3 +.14
.05 6.6 s 100 N L1 L2786 261 o1 5.52+.22 5.22:.2
27 7140 012,933 .898  .011  4.66+.06 4.48+.06
6 . 2 40 | 051 4.133 £.082 046 6.884.08 6.8 .08
| 1.0;i' 5.8 2 40 .  .037 8770 8.706 026 8.77+.04 '8.71:.03
‘”1.5. e 2 40 153 16.759 -15399 | ;isl 11.03+.10 il.}li.il

S8BT



TABLE D2

INTENSITY Vs He PRESSURE AT 300 keV BEAM ENERGY

NORMALIZED TO

NORMALIZED TO BOTH
BEAM CURRENT AND

He ‘Bgzﬁ | % OF S.E. BEAM'CURRgNT S.E. He PRESSURE
" PRESSURE CURRENT # OF MEASURE- - OF MEAN MEAN OoF MEAN MEAN
- mtorr LA RUNS MENTS I, I, I, _ I, I, I,
.01 11.8 7 140 001 .0629. .0615 .0009 6.29+.1 6.15:.09
.05 S 11.4 7 140 .002 .159  .162  .002 3.19+.04  3.24+.04
.2 10.5 10 200 .004 .,594  ,624 004 2,97+.02  3.12+.02 -
.6 12.2 3 60 .106 1.907 2.06  .118 3.182.18  3.44%.2
1.0 11.2 3 60 .323 4.428  4.714  .353  4.43£.32  4.714.35
1.5 11.3 . 2 0 .662 11,917 12.528 .717 7.95%.44  8.38%,48

981



INTENSITY Vs He PRESSURE AT 450 keV BEAM

TABLE D3

NORMALIZED TO

ENERGY

. NORMALIZED TO BOTH

BEAM CURRENT AND

o ngﬁ b or g.p.  BEAM CURRENT o . He PRESSURE
PRESSURE CURRENT # OF  MEASURE~ OF MEAN MEAN OF MEAN MEAN

mtorr LA 'RUNS  MENTS I, I, I, I, -1, I,

.01 11.8 4 80 0018 .0877  .0914 .0018  £.77:.18 9.14+.18

.05 10.4 5 100 .0029  .1741  .1813 0023 3.484.58  3.62+.46

.2 10.3 7 140 004 .4821  .5387 .005 2.215.02  2.69+.03

.6 10.7 3 60 ;039 1.953 2,181  .058 3.26:,07  3.64%.1
1.0 10.8 3 60 171 3.754 4,094 .211.  3.75:.17 4.09+.21
1.5 10.5 2 40 106 5.107  5.47 3.41+.07

.129

3.65+,09

L8T



~ INTENSITY Vs HELIUM PRESSURE
@ 150 keV BEAM ENERGY
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© INTENSITY Vs HELIUM PRESSURE
- @ 300 keV BEAM ENERGY.
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a ground state atom. It is then the 2!g state with which
we must concern oarselves. In order to. estlmate the
effect on A 5016 4 photons by 2'S state He atoms, we must
‘flrst discuss the presence of 2!S5 atoms in the target
chamber. Referring to calculations done in sectionsf4.2
andl4.3, we.have at our highest working pressure (1.5
mtorr) a mean - free path cf 47 cm, a mean collision tlme
of ~.3 msec, and an estimated minimum wall ccllision time
of_M.OZ msec., Similar calculations for our 1owest'w0rk-_
ing pressure (.01 mtorr) yield a mean free path of

v7000 cm, a mean collision time of 50 mséc, and an
‘estimated minimum wall collision time of ~, 02 msec.

Note that the wall colllslon tlmes are minimum times and
in fact the "dlfoSlon" times would be much longer.
Furthermore, we have from Hasted (1912) the fact that the
natural lifetime of the metastable state He 2!'§ is

> 1 msec. We can then conclude that at our high'pressure
runs the He 2!S level will be collisionally quenched and
significant absorbtion of A 501§ R light will not occur.
However as we go to lower pressures, the namber of sur-
viﬁing He 2'S atoms increases and we can expect some _
absorbtion of.the A 5016 ﬁrlight. Finallyfat,very low
pressures. one would expect a high percentage of He 2!g
in the target chamber, but these metastables‘would be
spread so. thlnly that there would be 11t '- photon-
-metastable 1nteract10n, and therefore ar. .ncrease in the

amount of A 5016 & light detected.
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The results which have been normalized to both
Beam.Current and Gas Pressure ére.;he relative intensi-
o ﬁies of A 5016“3 iigh£ per éfoton pcr_taréet_aﬁom.“ Tﬁé
minimum observed in these curves 1s just what one would
expect'(quaiitatively) from our discussion of the exis-
tence of the metastable He 2!S atoms. We thus conclude
that trapping by.the.metastable He 2'S atoms is respon-
sible for the changes in rélative inténsity with pres-
sure. |

In conclusion then, we are still unable to ex;'
plain the cause of the change in the sign of m as the
He pressure changes. We have shown gualitatively that
trapping is occurring at the metastable 2!S level, This
trapping pro&ides vet anothér réason for the next experi-
menter to work at lower pressures. Only then will the
photon from a beam éxcited'31P—215 transition be directly

detected.



